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ABSTRACT

The main theme of this dissertation is the studywal racemic compounds: a bimetallic
complex, [(tpy)Ru(tppz)PtCI](P¥s, and a trimetallic complex, [CIPt(tppz)Ru(tppz) R(EFs)4,
in solution and in the solid state, where tpy &:8;,2"-terpyridine and tppz is 2,3,5,6-tetraRis(
pyridyl)pyrazine. These two supramolecular assessblidisplay remarkably different
stereochemistry, electrochemistry and photochewistre chapters in this document deal with a
multidisciplinary project that is fundamental tetbesign and synthesis of similar entities with
potential applications as antitumor agents.

Chapter 1 gives an overview on the metal polyasuyggramolecules. More specifically, the
section is focused on the tridentate ruthenium glatinum metallic supramolecular assemblies
with emphasis on their functionality and the methaded to study such systems.

Chapter 2 describes the design and syntheses tfltheomplexes and their analogs using a
building block strategy. The details of the expemntal methods are included in this section.

Chapter 3 presents the identification of the tbenplexes in solution and in the solid state
by means of single crystal crystallography, massgpmetry including FAB-MS and ESI-MS,
and multiple NMR techniques including I'BI-NMR, ***Pt-NMR and 2D COSY, NOESY and
19pt!H HMQC, as well as dynamitH-NMR at variable temperatures. The bi- and tri-aiit
complexes are crystallized in the chiral space grouC2/c and P21/c as racemic compounds.
The interconversion of the three steroisomers, MPMPR and M-P of trimetallic complexes are
detected in the NMR timescale. The assignmente@ftypical NMR resonance of the bi- and
tri-metallic complexes are supported with the hefpmultidimensional NMR techniques and
NMR spectroscopy of known systems. The process s#igaing the NMR spectra is
accomplished step by step with complexities presefy ring current effects. The 1D-fiber,



2D-plate  and  3D-flowerlike  topography of the trimét complex  of
[CIPt(tppz)Ru(tppz)PtCI](P§, was illustrated by SEM.

Chapter 4 demonstrates the electrochemical andphemical differences between the title
complexes and a comparison to known systems. Btgwmically, the RUPt' bimetallic and
trimetallic complexes display Rl oxidations at 1.63 and 1.83 V and ligand-basedatiutu at
-0.16 and -0.03 V versus Ag/AgCl, respectively. Saescopically, the Ru@® tppz{*) MLCT
transitions are red-shifted relative to the monatiietsynthons ([(tpy)Ru(tppz)](RFz, | ma>=
472 nm and [Ru(tppzl(PFe)2, | ma"°= 478 nm) occurring in the visible region, centeat 530
and 538 nm in CECN for [(tpy)Ru(tppz)PtCI|(P§)s and [CIPt(tppz)Ru(tppz)PtCl(Rf,
respectively, consistent with the bridging coordima of the tppz ligand.
[CIPt(tppz)Ru(tppz)PtCI|(P§. displays an intense emission (°" = 5.4x10% from the
Ru(ch)® tppz(p*) *MLCT state at RT with ma¢™ = 754 nm and lifetime of = 80 ns in CHCN
solution. The trimetallic complex, [CIPt(tppz)Rudi)PtCl](PFk)s, exhibits a strong emission
property in the solid state withmax " = 764 nm, which was also studied by confocal laser
induced emission scanning microscopy. By conti@a$tarely detectable emission was observed
for the bimetallic complex, [(tpy)Ru(tppz)PtCI](BE The redox and luminescence differences
betweerbi- and tri-metallic complexes is the consequerfdd® nature of these supramolecular
assemblies. All together the data suggest strongPPinteractions in solution providing for
assembly of these molecules into dimers or largsemblies.

Chapter 5 reports the applications of these congsleas bioactive species interacting with
DNA. The prelimary data show the title complexesdbto DNA producing larger changes in
DNA migration during gel electrophoreses than ddes well-established anticancer drug,
cisplatin. Preliminary study indicates trimetalbomplex [CIPt(tppz)Ru(tppz)PtCl|(RRz can
photochemically condenses DNA. This data could jol@a form for development of a new class
of photodynamic therapy agents in cancer treatment.

Chapter 6 concludes with summaries of current rebeand perspective for further work.
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Thesis Statement
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complexes bridged by tridentate polyazine ligandd & understand their stereochemistry,
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Chapter 1. Introduction

1.1 Summary

The study of polymetallic ruthenium complexes hiimeted much attention due to their rich
excited-state photochemical and photophysical ptgse Complicated multicomponent systems
incorporating light absorber (LA) units, electradays (ERs), and reactive metals (RMs) within
the molecular architecture are desirable for edfitilight activated processes. Within this
perspective, polyazine bridging ligands (BLs) haeen used to chemically bond the individual
components into the same molecular framework, atigwthe construction of complex
polymetallic supramolecular speciesOne of the most extensively studied polymetallic
ruthenium complexes are the class of bidentategbddsystems. In each bidentate monometallic
complex, there are typically two steroisomers (). Typical bidentate ligands are AB chelates
which provide additional stereoisomers. Conseqygetite tris-chelated coordination mode of
bidentate system vyields a number of steroisomeas &ne typically not separated. This is
stereochemically unfavorable for the design of pwiallic supramolecules as they lack control
of sub-unit orientation and distance.

The use of tridentate ligands in the constructibpaymetallic systems provides efficient
control of sub-unit distance and orientation. Tippleation of tridentate complexes has been
somewhat limited by the short metal-to-ligand cleatrginsfer ]MLCT) excited state lifetime in
the prototype of tridentate complex, [Ru(tgd§) ( = 0.25 ns, ®™ = 5.6x10° in CH:CN, tpy =
2,2'6',2"-terpyridine

The design of tridentate complexes of'Rwith longer lived®MLCT excited states than
[Ru(tpy)]?* is an area of challenge. Mixed-metal complexedainimg the tridentate bridging
ligand tppz (2,3,5,6-tetrakis(2-pyridyl)pyrazindiem have long lived emissivILCT excited
states are not well studied despite the promisé& semplexes hold in many forumsThe
coupling of Rl to Pt within the tridentate bridged architectures sustttet provided by tppz

has not been reported yet.



The preparation of structurally diverse supramdicaoomplexes and investigation of their
stereochemistry, electrochemistry and photocheyiate important for the ever-expanding
potential applications in fields such as solar gnaronversion and antitumor bioactivity. The
macroscopic properties, such as color, luminescanderedox chemistry, have their roots at the
molecular levels, which in turn have an influencetloe structures.

This chapter begins with a general introductiomtmecular orbital (MO) theory to describe
the metal-ligand binding at the molecular levelldwed by the description of the fundamentals
of photochemistry, electrochemistry and stereochegnias well as NMR techniques. The
RU' Pt' supramolecular assemblies are reviewed with anhasip on the modulation of their

luminescent properties and potential applicatioDB# binding agents.

1.2 Molecular Orbital (MO) Theory

In free metal ions, the d orbitals have identicakrgy despite their different spatial
orientations. Upon complexation with ligands, thertitals split. The magnitude of splitting
energy () depends on the relative energy of the ligand methl orbitals, the degree of their
interaction and the ligands spatial orientation. éWhthe ligand field is progressively
strengthened, the change from a high spin to law gmund states occurs for metal complexes.
As a general rule, metal ligand bond lengths ohlsgin complexes are substantially longer than
those of low spin complex with the same metal geribepicted inFigure 1.1 is the MO
diagram for an octahedral metal complex @ith back-bonding ligandsThis molecular
orbital diagram uses a localized approach to lagelnolecular orbitals, labeling MOs as
transition metal (M) or ligands (L) based indicatiof the major contribution to each molecular
orbital. The common electronic transitions assedatith metal complexes in an octahedral
geometry are illustrated. Electronic transitionstimese octahedral metal complexes can be

classified into three types:

Metal-localized d-d transitions are termed ligamneldf (LF). LF transitions are symmetry

forbidden transitions with low intensity.



Ligand-localized * transitions are termed internal ligand (IL). Itabsitions due to the
* transitions in the ligand are generally bothnspind symmetry allowed, with high

extinction coefficients on the order of*100° M lcm™.

Metal to ligand or ligand to metal transitions &&amed charge transfer (CT). There are two
kinds of CT transitions, ligand to metal chargensfar, LMCT, and metal-to-ligand charge
transfer, MLCT. These transitions are typically syatry and spin allowed with the extinction
coefficients on the scale of 4M™cm™. Transitions assigned &sMCT or *MLCT are spin-

forbidden transitions which gain intensively by gpn-orbit coupling.
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Figure 1.1.lllustration of the molecular orbital diagram fod&octahedral metal complex with
-back-bonding ligands. Shaded blocks are filledtal®and unshaded blocks are empty ones.
IL = internal ligand transitions, MLCT = metal tig&nd charge transfer transitions, LF = ligand

field transitions.



1.3 Photochemistry

Electronic excited states and the electronic agiismr spectroscopy describing their
populations are the key to studying photochemi3tmg probability and therefore intensity of the

electronic transitions are governed by selectidestu

1.3.1 Selection Rules

Molecular orbitals involved in electronic transitianust be coupled to allow electronic
transitions. The intensity of an electronic traisitis governed by the symmetry and spin
selection rules. Selection rules determine whiahditions are spectroscopically active.

The symmetry selection rule for an electronic ti@mrs is given by equatiof:

f“| yGSMyES‘ZZD

wheref is the oscillator strength, which is proportiota@lthe transition integrated intensity.
&gs and&egs are the electronic wave functions of ground st&B3) and excited states (ES), and
M is the electronic dipole moment operator. The syatry allowed electronic transition can be
observed when D is not equal to zero. Laporte @etecule is often applied to the electronic
spectroscopy of transition metal complexes withemion centers, in which the allowed
transitions involve a change in parity. In a trénsi metal complex, fox example, the transition
of *ord *are often allowed.

Spin allowed transitions must involve the promotadfnelectrons without a change in their
spin, i.e. S = 0 (S = total spin). For exampf&S to*MLCT transitions are spin-forbidden,
while 'GSto *MLCT or *IL transitions are spin allowed.

Relaxation of the selection rules can happen bynsed spin-orbital coupling, vibronic
coupling or Jahn-Teller effects. The intensity dbebidden transition is much smaller than that
of a fully allowed transition.

Vibrational levels are associated with each groand excited electronic state. Electronic

transitions are often accompanied by vibronic exin. The transition between potential energy



surfaces of the GS and ES is depicted abigure 1.2, Egpis the energy difference of the
lowest vibrational level of the electronic GS an8. According to the Franck-Condon principle,
electronic transitions are vertical transitionsheiit change in nuclear positions. This typically
provides for electronic excitations to include gahsal vibronic excitation due to the difference
in the equilibrium intermolecular distance in theound and excited electronic states. The
Franck-Condon principle is applicable to both thHesaption and emission processes. A
molecule populates the excited states by absordipgoton. The excited molecule is unstable
and has to return to the ground state so that grnisrgmitted. Due to the vibronic relaxation
(thermal), the emitted photon usually has less ggndéinan the absorbed photon, the energy

difference between the absorption and emissioermsdd a Stokes shift.
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Figure 1.2.Frank-Condon principle energy diagram to illusrtkte electronic and vibrational
states, showing the spin and symmetry allow&8 'ES transition from yto v, and

relaxation g to .



1.3.2 Electronic Excited State Decay

Conversion between electronic states is genertiligtiated by Jablonski (state) diagrams,
Figure 1.3 Multiple pathways for the decay processes of eteatally excited states involve the
nonradiative processes (nr, wavy arrow) of integmalversion (ic) or intersystem crossing (isc)
and radiative processes (r, straight arrow). Lusteace represents the radiative process that
results in the emission of light when the electtally excited molecules relax to the GS.
Fluorescence is a radiative process where spinipficiies of the initial and final states are
identical, while phosphorescence is used to deserbemission with change in spin state.

™ and lifetime, , are two important parameters to describe the

The quantum yield, ©
luminescent properties of the chromophores. Thatiife of an excited state is the reciprocal of

the sum of the rate constants for deactivatiomofacited state.

= 1(k + k)

The quantum vyield of emission is the ratio of tieiteed photons to the absorbed photons.
For a directly populated state, the quantum yidleémission ( ") corresponds to the ratio of
the radiative rate constant over the sum of thesr#ttat deactivate the emitting state. For an
indirectly populated state, the®™ includes a term for the quantum vyield for popwiatdf the
emitting state. For most Ryolyazine complexes, the population of IMLCT emitting state is

unity and this term is typically omitted. Thus, tngantum yield can be written as:

M=kl (ke + ar)

Two mechanisms of excited state energy transfee baen developed by Forster and Dexter.
Forster's resonace energy transfer theory is baseatipole-dipole coupling between donor and
acceptor. The rate of energy transfer is inverpebportional to intermolecular separation, and
directly proportional to the density overlap betweile interacting initial and final states.
According to Forster’'s theory, the most intensergydransfer can be observed in a single

noncentrosymmetric molecule if the two chromopha@esidentical. Dexter's energy transfer is



associated with the electron exchange between dormbacceptor molecules. Dexter introduces
the spin wave functions of Hamiltonian to the exuja process, which is not considered by

Forster. Dexter’s electron transfer mechanism gartant to triplet-triplet energy transfer.
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Figure 1.3.Jablonski diagram illustrating relative energiestattes and the processes of moving
among the excited states.: radiative processywvs . non-radiative processk;: rate of
fluorescencekic: rate of internal conversiorksc: rate of intersystem crossing,: rate of
phosphorescence, akg: rate of nonradiative pathways, ES = excitedestatS = ground state,
IL = internal ligand, MLCT = metal to ligand chargeansfer excited states, = thermal

population.



1.4 Electrochemistry

Electrochemistry studies electron transfer betwaserlectrode and a sample with an applied

voltage. The redox potentials can be interpretesktban the relative orbital levels between the

ligands and metal ions. Reversible electrocheniattions typically showii/i § =1, and Ep=

E} - E? = 0.0591 V/n at RT, where n is the number of theetebns involving in the reactiony i

and j* are the cathodic (c) and anodic (a) peak currams,&° and E? are cathodic and anodic
peak potential, respectively.
The thermodynamic redox potential obtained in fhtiscess is related to the Gibbs free

energy of an electrochemical reactfon:
G = -nEF = -RTInK
Where G is the Gibbs free energy change for the eleceital reaction, E is the formal

reduction potential, and K is the equilibrium camtof the redox reaction. n is the number of

electrons in the reaction, F is Faraday constaid,as constant.
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Figure 1.4.A typical cyclic voltammetry (CV)



Cyclic voltammetry (CV) is a commonly employed @teanalytical method. The current is
monitored while linearly varying the applied poiahtat a working electrode in a cycle. The
response of the cyclic voltammogram is plottedheslit(current) vs. V (Moltage) grapkigure
1.4. The redox potentials of metal complexes can bediby varying the ligands. Polypyridine
acting as -accepting ligands will present a low lying orbital and stabilize the dorbital
centered on the metal.

From the I-V graph as shown ligure 1.4, the peak potential (£ E,%) and peak currentfi
i) of the cathodic and anodic process can be olutaiibese parameters can indicate the
electrochemical properties of the sample. If thactien is reversible (fast electron transfer
process and no following chemical reactions), torof i,’/iy> = 1. The peak current for a

reversible couple is given by the Randles-Sevcikaéiqn at 25°C:
) = (2.69x16) n**ACD*2

Where n is the number of electrons, A = the eleltrarea (in cf), C = concentration (in
mol/cnt), D = diffusion coefficient (in cfis), and* = scan rate (in V/s). Given a reversible
electrochemical reaction, the ratio pta the square root of scan rat¢ is a constant, the plot of
ip VS square root of scan rate is a straight line.

At the half wave potential of a reversible reactitine concentration of oxidized ([O])
molecules and the concentration of reduced ([R])emwdes are the same, according to the

Nernst equatiof:

_ e PR
ERed - ERed RTIn [O]

F is Faraday constant, R is gas constant. The faedaction potentiaIE:e ,for areversible

couple can be obtained from CV:

Er= By, = (ES+ED 12



The separation between the peaks is given by:
E,=I(E,-E,) | =2.303 RT/nF

At at 25°C, E, =59 mV/n

The E, can be used to determine the number of electransferred in an electrochemical
reaction. But care must be exercised in such etratuas many other factors impact peak to
peak splitting such as internal resistance ansiemsble redox chemistry.

A reversible electrochemical process at an eleetsagface can only be observed when both
the oxidized and reduced form of the species aalestand the kinetics of the electron transfer
process is controlled by mass transportation on dleetrode surface, so that Nernstian

equilibrium can be maintained at the small arethefelectrode surface.

Figure 1.5.The structure of the Creutz-Taube complex

Symmetric  bimetallic  ruthenium  complexes, such asreu@-Taube ion,
[(NH3)sRu(CsHaN2)Ru(NHs)s]>* (Figure 1.5), are widely studied to probe electronic couplifig o
the two Ru center$™? In the Creutz-Taube complex, the two rutheniumanested by a
pyrazine BL display added stability of the mixedeveced state. The electronic communication
between the two redox active Ru centers is reladgtie degree of delocalization of the charge

via the BL. According to Robin-Day’s classificatiothe degree of electronic coupling is

10



illustrated by a simple harmonic oscillator cartdanFigure 1.6* The more delocalized the
charge, the stronger the electronic coupling. Timgér the separation between electroactive ions,

typically the weaker the coupling.

M Class I: Localized: no coupling
Class Il Slightly delocalized: weak coupling

Class lll: Completely delocalized: strong
coupling

Figure 1.6.Representation of Robin-Day’s model to classifyriiged-valent binuclear

complexes as class | (no coupling), class Il (wa@kpling) and class Il (strong coupling).

The electrochemistry of the polypyridyl complexesdiscussed by using frontier molecular
orbital theory. Electrochemically, oxidation isetlabstraction of an electron from the highest
occupied molecule orbital (HOMO) (cbrbital centered on the metal). Reduction is tthditeon
of an electron on the lowest unoccupied moleculetalr (LUMO) ( * orbital centered on the
ligand). RU complexes of polyazine ligands usually displayersible metal based oxidations

for the RW" processes and ligand based reductions.

11



1.4 [Ru' (NN)3]** Complexes

The discovery of [Ru(bpy)** (bpy = 2,2-bipyridine}f’ and its desirable excited state
photochemical and photophysical properties hasinedpnuch research towards exploiting this
and related chromophor&s® The electronic absorption and emission spectra of
[Ru(bpy)](PFe)2, as well as its electronic state diagram are degim Figure 1.7 [Ru(bpy)]**
displays intense intraligand * (IL) transitions in the UV region and MLCT tratisins in the
visible region. The excitetMLCT state undergoes intersystem crossing (ispofulate®MLCT
with unit efficiency. [Ru(bpyj|?* possesses a lived lowest excited sti¢ CT) with a quantum
yield of emission, ®™ = 0.1, with an excited state long lifetime of 1.1 s The long lifetime
and efficient quantum vyield for emission enable (fRy)]?* to undergo photoinduced electron

transfer or energy transfer in the excited staaé ¢an be probed through emission stutfies.

A 'IL(-7")
m '
q hV kic
£ IMLCT 1= w&%\
= =2 A
?9, % —— "MLCT
& E h
v /-
kp
0 T T T T T T T T T T T T 1
200 300 400 500 600 700 800 GS o
Wavelength (nm)
A B

Figure 1.7.(A) Electronic absorption and emission spectré&ris{2,2'-bipyridine)ruthenium (II),
[Ru(bpy)]?*, in CHCN at RT. (B) Jablonski diagram for [Ru(bgly). (bpy = 2,2bipyridine,
1GS = singlet electronic ground statd, = singlet internal ligand excited staté,F = triplet
ligand field excited stat¢éMLCT = singlet metal to ligand charge transfer ¢edistate®MLCT

= triplet metal to ligand charge transfer excittie)
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Terminal Ligands Bridging Ligands

Figure 1.8.Representations of the commonly used polyazirsmtig (bpy = 2,2'-bipyridine, dpp
= 2,3 bis-(2-pyridyl)pyrazine, dpg = 2,3 bis-(2-fgyi)quinoxaline, and dpb = 2,3 bis-(2-
pyridyl)benzoquinoxaline, Bphen = 4,7-diphenyll,10-phenanthroline, doteen = 4,7-
dimethyl1,10-phenanthroline, tpy = 2,2".6',2"-tgrdine, tppz = 2,3,5,6-tetrakis(2-
pyridyl)pyrazine).
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Inspired by the luminescent and redox-active prisgfrom [Ru(bpy)]®*, a large number of
polyazine ligands have been developed to consaucariety of polymetallic supramolecular
species.Figure 1.8 lists some of the widely used polypyridyl and paiye ligands. The
photochemical and redox properties of complexeseatuned by modifications on the ligands.

1.4.1 Limitation of Bidentate Systems

Bidentate polyazine interactions with metal iongegaccess to a range of supramolecular
systems of truly impressive architectures. In dadentate monometallic complex, there are two
stereoisomers ( ). In addition, many bidentate BLs are AB chelates.a result, this mode of
coordination affords polymetallic complexes that stereochemically ill defined. This limits the
ability to control sub-unit orientation and distanwithin a supramolecular assembly. This is

undesired for the rational design of assembliesioigpof complex function®.

1.4.2 Tuning of Photophysical Properties of Triderate RU' Complexes

The use of tridentate ligand, such as 2,2".6eRridine (tpy), in the construction of
polymetallic systems leads to stereochemically raefi systems that have efficient control of
sub-unit distance and orientation. The arrangesehbis-tridentate units in [M(tpyJ'" in a
linear fashion provide for stereochemical contidhe applications of tridentate complexes in
solar energy conversion schemes hasve been somkwitet by the short excited state lifetime
of [Ru(tpy)]?" ( = 0.25 ns, ®™ = 5.6x10° in CHCN)2® This short MLCT excited state
lifetime resulting from the non-ideal bite angletpy providing low-lying ligand field states that
are thermally accessible at room temperature, dirtfie application of the [Ru(tpyf".>> %%
The low lying °LF state quenches the emission of the exciedCT of [Ru(tpy)]?’ is
illustrated inFigure 1.9 The thermally populatelLF state undergoes rapid non-radiative decay
to the GS, resulting in the substantially shorifetime and lower quantum yield of emission of
[Ru(tpy)]®* ( ®™=5.6x10°, =0.25 ns) as compared to [Ru(b$)( *"=0.1, = 1.1 s).

The design of tridentate complexes of'Rwith longer lived®MLCT excited states than
[Ru(tpy)]?* is an ongoing area of reseaféi® Long excited states lifetime and high quantum
yields of emission for tridentate complexes areunegl to ensure efficient energy and electron

transfer processes and provide a probe to excitdd dynamics. General strategies to increase
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the excited state lifetime have proven somewhatessful either by enhancing the radiation
process and/or by diminishing the radiationlessagl&tA recent review by Hanan highlights a
variety of approaches being employed with much oo tuning the energetics of tfige and

3MLCT states by component modificatiof&>

A L 5 1 _
hV' “_41
v § = SLF (L = tpy)
1 ] —— °LF (L = tpy
MLCTz IMLCT - :
A %A
— 3
g MLCT
hv hv
1 4
GS 1GS
A: [Ru(bpgf* B: [Rufpl**

Figure 1.9. Comparison of theablonski diagrams of [Ru(bp}j* (A) and [Ru(tpy)]** (B),
indicative of more accessible, thermally populated of [Ru(tpy)]®* vs. [Ru(bpy}]**. The
ligand field excited statd_F will undergo the nonradiative (nr) decay, resgtin shorter lived
excited states oMLCT in [Ru(tpy)]*. (bpy = 2,2-bipyridine, tpy = 2,5 ,2 -terpyridine,’GS
= singlet electronic ground staftl, = singlet internal ligand excited staté,F = triplet ligand
field excited state!MLCT = singlet metal to ligand charge transfer édistateMLCT =

triplet metal to ligand charge transfer excitedesta

One approach to lengthen the excited state lifetfngRu(tpy)]** type chromophores is to
use electron donating or electron withdrawing stuitston the tpy ring systefii.Attachment of

electron withdrawing group to the-gosition of tpy will stabilize théMLCT excited states by a
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greater stabilization of the ligand-based LUMO ampared to the metal-based HOMOThe
replacement of the 4 in tpy with electron withdrawing group of metksdilphonyl has
prolonged the lifetime of the bis(tridentate) ruthem complexes: [Ru(MeS@py),] with an
excited sate lifetime of = 25 ns and [(MeS&tpy)Ru(tpy-OH)] with = 50 ns. Incorporating
the electron donating group to thep#sition of tpy will destabilize more effectivetile metal-
based HOMO than the ligand-based LUMO. The [Rujttinb)]® (dpb = di-1,3-(2-
pyridyl)benzene, ttpy = tolylterpyridine) gives arcited state lifetime of = 4.5 ns, eighteen
times more than the excited lifetime of [Ru(&$)( = 0.25 ns¥* Although the excited state
lifetime of the®MLCT state has been extended successfully in tegsems by limiting thermal
population of théLF state at room temperature, the optimizatiorhefgthotophysical properties
of tridentate Rl complexes is still a developing area to approdwh relatively long lived
excited lifetime of [Ru(bpy]®* ( = 1.1 s)*®

1.4.3 Oligonuclear Tridentate RU Complexes Using tppz BL

Exploitation of the interesting photophysical arftbfpchemical properties of Rypolyazine
chromophores can be achieved by the constructiomuitfimetallic complexes. These complexes
typically possess bridging ligands with stabilized acceptor orbitals. The luminescent
properties for these supramolecular assembliesd@pendent on the extent of the electronic
coupling associated with each of the individual poments. The properties of the mononuclear
components can be conveyed into the polynucleatesygs important to developing light-
harvesting devices on a large scale.

The ligand of 2,3,5,6-tetrakis(2-pyridyl)pyrazirtpfz) can act as a tridentate bridging ligand
in building polymetallic systems. Substitution afeotpy with one tppz in [Ru(tpyf*, lowers
the energy of the®MLCT state as a result of the stabilized tgp¥(acceptor orbital.
Coordination of a second Reenter to the tppz affords a further stabiliZBtLCT state with a
long lived excited stat€. The syntheses of [(tpy)Ru(tppz)]®F and
[(tpy)Ru(tppz)Ru(tpy)](PE)s were first reported by Petersen and Thummel &@iThe state
diagram of [Ru(tpy)?®’, [(tpy)Ru(tppz)f" and [(tpy)Ru(tppz)Ru(tpy]] are given inFigure
1.10 These complexes display Rujd tppz(*) 3MLCT emission. The complex
[(tpy)Ru(tppz)](Pk). emits at 665 nm with a lifetime of= 30 ns in RT in CECN solution,
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while the bridged system, [(tpy)Ru(tppz)Ru(tppzH{Z, emits at 830 nm with a lifetime of 100

ns under the same conditiofisThis is unusual as the energy gap law predictélairamitting

states that are shifted to lower energy shouldhoeter lived. The change in thermal population

of the 3LF state is responsible for the trend in theseesyst Incorporation of the tppz into

[Ru(tpy)]?* stabilizes of the* orbital, leading to a stabilizetMLCT state. The stabilization of

the 3MLCT limits thermal population of th&LF state, contributing to the prolonged lifetime of
= 025 ns, 30 ns and 100 ns for [Ru(¥) [(tpy)Ru(tppz)f* and

[(tpy)Ru(tppz)Ru(tppz)](P§4, respectively.

3LF — S3LF

SMLCT M EA IMLOT Z(A

=

IMLCT —:_%%{:

SMLCT X
§" —=—MLCT
m 620 nm 665 nm
830 nm
Igs= e
GS=
Igs=
[Ru(tpy),]** [(tpy)Ru(tppz)]** [(tpy)Ru(tppz)Ru(tpy)]**

Figure 1.10.Comparison of the state diagrams of [RUGEY)( mac™ = 620 nm, = 0.25 ns),
[(tpy)RU(tpp2)]* ( max™ = 665 nm, = 30 ns) and [(tpy)Ru(tppz)Ru(tppz)](BF( mac™ = 830
nm, =100 ns), indicative of the stabilization of théLCT state based on the values af,e™
(The relative energy ofGS is estimated based on the oxidation potentidlsRd""
corresponding to the HOMO of these molecules, tBebetween'GS and'MLCT is based on
the ma™ values of these complexes, tpy = B2 -terpyridine, tppz = 2,3,5,6-tetrakis(2-
pyridyl)pyrazine,'GS = singlet electronic ground stateF = triplet ligand field excited state,
MLCT = singlet metal to ligand charge transfer ¢édistate>MLCT = triplet metal to ligand

charge transfer excited state)
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Metal-metal communication was investigated by usppy as a BL in dirhodium complexes,

[CIsRh(tppz)RhCG]®, as well as in diruthenium complexes, RU(tppz)RuG]*,
[(ttpy)Ru(tppz)Ru(ttpy)t* 33-36 (ttpy = 4-p-totyl-2,2:6 ,2 -terpyridine)
[Cl(dpk)Ru(tppz)Ru(dpk)CH 328 (dpk = 2,2-dipyridylketone), and [CI(Q)Ru(tppz)Ru(Q)E]
1 (Q = 4,6-ditert-butyl-N-phenyl-o-iminobenzoquindnéThese molecules were extensively
analyzed in the mixed-valence state compared t&€thatz-Taube ion (Nobel Prize in Chemistry,
1983). It has been concluded that the strong eleictrinteractions between electroactive metal
centers in these symmetric systems is mainly thrdhg central pyrazine ring of the BL of tppz.

The coupling of reactive metals to 'Rlight absorbers is not well studied despite thEmpse
such complexes hold in many forums including lighnergy conversion schemes. Brewer et.
al. have conducted research on the photophysicdl elactrochemical properties of the
complexes of Rl O<', RH" and I" systems using tppz BI® 3***' The spectroscopic,
photophysical and electrochemical properties of #eries of complexes are summarized in
Table 1.1 The electronic absorption spectroscopy for theseptexes display M(d) BL( *)
CTand M(d) TL( *) CT transitions in the visible region. The lowdgng excited states in
all of these complexes is the characteristic of NI(dBL( *) CT state. Coupling a second metal
to RU' via a BL (tppz) shifts the absorption maximum éwér energy, and the luminescence
lifetime are prolonged in the bimetallic complexasnpared to the monometallic system. For
example, the complexes of [(tpy)Ru(tppz)RUPYN] mat™ = 550 nm, = 100 ns) and
[(tpy)Ru(tppz)Ru(tppz)T ( ma™™ = 540 nm, = 100 ns) display red shift in the electronic
absorption and longer lifetime than that of [(tpyf®pz)F" ( mad™ = 474 nm, = 30 ns).
Electrochemically, both the ligand based reductod metal centered oxidation shift towards
more positive potential compared to the monometalinthons due to the electron withdrawing
nature of the incorporated metal ions. Fox exampie potentials of the first reduction (t3pg
and the first oxidation (R{I') shift to more positive potentials for [(tpy)RugpRu(tppz)f"
(Ex2>=1.51V, B2% = -0.32 V) and [(tpy)Ru(tppz)Ru(tpy)](Ev.> = 1.44 V, B;7° = -0.35V)
compared to [(tpy)Ru(tppd)] (2> = 1.40 V, B,®® = -0.97 V ), consistent with the
spectroscopic data. In the bimetallic complex, ésample [(tpy)Ru(tppz)Ru(tpy)] (E1>* =
1.44 V, B, = 1.76 V), two oxidations of the Elj were observed, indicating the electronic

communication of the two ruthenium centers throtightppz BL.
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Table 1.1. Spectroscopic, photophysical and redox propertids 2¢3,5,6-tetrakis(2-
pyridyl)pyrazine (tppz) complexes of RuO<', I and RH' . (bpy = 2,2"-bipyridine, tpy =
2,2:6,2 -terpyridine, BL = bridging ligand, TL = terminaghnd)

red
/abs /em ox El/2
Complex max max E1/2 (V VS Ag/Agle
(my (mp (V' (v, vs Ag/agCIy
BLO/‘ BL‘/Z‘ TLO/‘
[Ru(bpy)]** 452 605 1100 1.32 (Rl) -1.30
[Ru(tpy),]** ¢ 475 620 025  1.35 (Al -1.28
[Ru(tppzy]®* © 480 648 50 1.57 (R -0.82
[Os(tppz}])** ¢ 468 750 300 1.26 (44 -0.80
[(tpy)Ru(tppz)f*© 474 665 30 1.40 Ry  -0.97 -1.38
(tpy)Ru(tppZIRUDY] 550 826 100 144 (RU') -0.35 -0.84
u Z)RU
py)Ru(tpp py 1.76 (RI™)
P —— 548 833 100 151 (RU) -0.32 -0.82
u Z)RU Z
py)Ru(tpp pp 186 (RUM)
[(tpy)Os(tppz)f* ¢ 468 775 260 1.06 (34)  -0.97 -1.39
1.17 08"y  -0.36 -0.81

tpy)Os(tppz)Ru(tppziT ¢ 546 833 100
[(tpy)Os(tppz)Ru(tppz]T 181 (04"

0.73 (R  -0.60 -1.50
1.61 (RI")y  -1.10

0.66 (RU")  -0.59 -1.50
1.32 (04"  -1.10

1.56 (RY"M)  -0.29
[(tpy)Ru(tppz)IrCH** © 660 810 22 1.92 1My  -0.83

-1.42 (I

1.60 (RU"™)  -0.60 -1.40
-0.23 Ry  -0.98

[(tpy)Ru(tppz)RuGy]** ¢ 612 N/A N/AY

[(tpy)Os(tppz)RuGy** © 678 N/A N/A?

[(tpy)Ru(tppz)RhCY>* 516 830 22
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2The madcorresponds to the lowest enefLCT band, the ma™ is the emission upon
excitation into thatMLCT band. The RT lifetime § was measured in deoxygenated acetonitrile
solution.

® Recorded in 0.1 M BINPRs CH:CN with E in V vs. Ag/AgCl (0.29 V vs. NHE)

° Refl®

d Ref.42

"Ref*

N/AYNo detectable emission

Figure 1.11.Hypothetical one dimensional molecular wire by irpmrating metal ions and
bis(tridentate) tppz BL ligands
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Comparing the photophysical properties of thé Bnd O4 systems provide insight into the
tppz BL. O4 has a higher energy LF state, and thus the thepoailation of’LF states is not
observed. This provides a longer excited statéirtie For example, [(tpy)Ru(tppZ}] exhibits
an emission at 665 nm with a lifetime of 30 ns, while [(tpy)Os(tppZ)] has an emission at
775 nm with a lifetime of = 260 nsTable 1.1

We previously reported mixed-metal heterobimetaditities of RIFRh" and RU-Ir"
incorporating tppz/2% 3% “*The complex, [(tpy)Ru(tppz)Rh§{PFs),, displays quenching of
the SMLCT state proposed to occur via electron transtegenerate a lower lying Ru-to-Rh
metal-to-metal charge transfer stateThe coupling of Rlito P within tridentate bridged
architecture of tppz had not yet been reported poiony work.

Recently, the design of molecular wire by explagtithe tppz to mediate the intermetallic
coupling has been studied. Abruna’s and Fantagedsip investigated a series of multimetallic
RU'-tppz systems with both tpy-capped and tppz-camtigdmers of [(tpy)Ru,(tppz)h.>"* and
[Run(tppzh+]®"™", Figure 1.112" **** |nvestigation of the electrochemical and spectpix
properties suggests high degrees of delocalizaifotmese complexes, attributing to the metal
interunit communicatio>*® No emission properties were given in these corgsie

Coordination of two metals to tppz requires twoighyre rings, and the central pyrazine ring
becomes nearly coplanar. Failure of the bis-tridientonformation has been reported by the
analyses of the crystal structures. A diversitybofding modes has been observed due to the
steric repulsion and multiple binding modes of tppz

1.5 P{' Tridentate Complexes

Pt' complexes are®dand electronically prefer square planar geometrgacommodate the
intermolecular interactions, and the steric steaimtising from the coordinated ligarids® P!
complexes of polyazine ligands have been well sadidSquare planar 'Ptomplexes typically
undergo aggregation forming linear chain structuhgsugh Pt Pt interactions. Consequently,
the properties of Ptcomplexes are very sensitive to the environmesush as temperature,

g:!., 54-56

counterion¥>® and solvent which impact the extent of metal-metal and intgtid

interactions. Such robust and dynamic characteph@asded platinum complexes with a variety
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of potential applications as sensdfsatalysts®®® and one dimensional conductors, as well as
bioactive probe&:®®with promise in the areas of non-linear optics phdtovoltaics® "

[(tpy)PtCI]" and its analogs have been extensively studiedtivitiocus on modulating their
spectroscopic and luminescent behaviors. Complek&4d' with tridentate ligands are typically
not emissive or weakly emissive at RT in solutiame do Pt Pt intermolecular interactions
and/or low lying LF state&" "> Recently, modified [(tpy)Pt"f (L = monodentate ligand) analogs
have been designed to display enhanced emissioughrthe substitution of the tpy ligaid® "
or replacement with modified monodentate ligand [The RT luminescence lifetimes of
[(tpy)Pt(C, C-C, CH)](OTf) ( = 200 ns, *" = 0.011), [(tpy)Pt(CC-CsHs)](OTf) ( = 500 ns,

- ®M = 0.012)and [(4-CH3O-tpy)Pt(G C-GsHs)](OTf) ( = 500 ns,- ™ = 0.025) (OTf =
trifluoromethanesulfonate) have been tuned inz@M solution by varying the tpy and L,
preventing the aggregatich.

Pt' complexes usually self-quench in fluid solution RE via the formation of PtPt
interactoing® Modification of the tpy with bulky groupsiRR, and R (like tetra-butyls), as
well as the monodentate ligand (L) can afford Highinescent efficiency by decreasing the self-
quenching Pt Pt interactions? % >7 7% 74839 ha enitting state in Ppolyazine complexes is
typically *MLCT nature. Stabilization of th#L by the extension of the conjugation of the ligan
may afford an energetically accessible*, in which the vibronically structured narrow-witt
emission is observed: *® Figure 1.12 (A)illustrates the ligand modification on the form of
monometallic platinum, [(tpy)Pt]. The emission of the substituted L with electron
withdrawing or electron donating group is red-stftor blue-shifted respectively, consistent
with the MLCT assignment for the excited state. Example, replacement of the (-g&EOMe)
in [(‘Bustpy)Pt(CHCOMe)[" ® ( ®™ = 595 nm) with electron donating group (&-C, CH) has
resulted the emission red-shift 32 nm foB{gtpy)Pt(G C-C, CH)]* > ( ®™ = 627 nm), while no

emission was observed folB(istpy)PtCI] in solution.
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Figure 1.12.Representative structures of thé Rirpyridyl complexes, Form A: [(tpy)PtH](L =
monodentate ligand) , Form B: [(tpy)Pt(BL)Pt(tgy)]Form C: [LPt(tpy)-(BL)-(tpy)PtL]" (BL =
bridging ligand)
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Similar strategies to modulate the photophysicapprties of Rli complexes are applicable
to Pt tridentate systems. The optical and electrochdmitgerties of platinum complex can be
manipulated by extending the conjugated systemguBib to stabilize MLCT excited states
limiting thermal population of LF excited state. €fhtype of platinum complexes,
[(tpy)Pt(BL)Pt(tpy)["" (Figure 1.12 B® 8% %1% as been investigated, in which the electronic
coupling of the Pt centers through theonjugated BL has been facilitated. An intensession
has been observed at 615 nm with a lifetime of 8.t [(Bustpy)Pt-C C-Pt{Bustpy)]**.*® The
type of platinum complexes with the form of [LPy(}gBL)-(tpy)PtL]"" (Figure 1.12 Q
possesses the geometry with the reactive metakrcenenting toward outside, which is more
accessible to the targets than those of form B. pamallel cofacially disposed terpyridyl-Pt-Cl
in [LPt(tpy)-(BL)-(tpy)PtL]"" can stack on each other. This intermolecular aatoni has been
demonstrated by the crystallograpfiy.'°° The configuration of Pt complexes with form C

resembles our trimetallic complex, [CIPt(tppz)Rp@jPtCl](PF)a.

1.6 Oligonuclear RU' Complexes

The evolution of the supramolecular chemistry witoceed as new functionalities are
introduced to these well-organized entities. Moltnponent supramolecular dendrimers based
on RU' and/or OY polypyridine or polyazine building blocks are aplpeg due to their robust
photoinitiated properties. The bidentate ligand (fB-bis(2-pyridyl)pyrazine) is widely used as
the polyazine bridging ligand to build up the supecéecular entities: 196208

The dpp ligand acts as an AB chelate and bindsnetal centers through a pyridyl and a
pyrazine nitrogen. Campagna’s group reported agimdaced energy transfer in a homogenous
heptametallic ruthenium (1) system, p&u{( -dpp)Ru[( -dpp)Ru(bpyl]2} s](PFe)12*%° This
complex exhibits very intense absorption bandshim WV region ( = 10-10° M*cm™) and
visible region ( = 10*-10° M™cmi?), which is attributed to the ligand-based * transition in
UV region and Ru(d) bpy( *) and Ru(d) dpp(*) CT transitions in the visible region
centered at 544 nm. The compound displays lumimégzeperties both at RT fac" = 895 nm)
and 77 K (max " = 880 nm). The electrochemistry of this molec@eeals a series of reversible
Ru-centered oxidation (2> = 1.56, 0.86 V vs. SCE) and ligand-based reductimctesses

(E1x™ = -0.51, 0.62, -0.72, -1.16 V vs. SCE). The u#isafspectroscopic study suggests energy
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that transfer from the peripheral chromophoreshe tore is very fast (0.6 ps) with unit
efficiency. The results indicate that such supratular assemblies can act as artificial light

harvesting systems for photochemical conversidigbt energy.

1.7 RU',Pt" Mixed Metal Complexes

Coupling of ruthenium chromophores to a cib@ moiety has been exploited as

é(’)-llg r% 117, 121-13'2

luminescent compound water splitting catalyst€° and antitumor age

Brewer’s group has long been engaged in the dedigRu polyazine based chromophore
coupled to a cis-Ptglnit with the focus on their potential applicasdh’ 1#1:12% 124,129, 1331
series of supramolecular architectures have beearstwmted with the form [(bpyW( -
BL)PtCL]** (Figure 1.13 A), [{(bpy)2M( -BL)}2Ru( -BL)PtCL]*" (Figure 1.13 B, and [(R-
tpy)MCI( -BL)PtCl)]* (Figure 1.13 Q, where M = Ru or Os, and BL = dpp (2,3 bis-(2-
pyridyl)pyrazine), dpgq (2,3 bis-(2-pyridyl)quinoxa¢), and dpb (2,3 bis-(2-
pyridyl)benzoquinoxaline). The electrochemical asmkctroscopic data of such mixed metal
supramolecules are summarizedTable 1.2 Coupling of Pt to RU' in bidentate coordination
environments to produce hetero-bimetallic complebesgds to systems that possess further
stabilized®MLCT excited states relative to the monometallialags, which is displayed as a red
shift in the electronic absorption data. This imaplithe spectroscopic properties of these kinds of
complexes are associated with both the chromopHuigart and the Pt site. Fox example,
[(bpy)Ru(dpp)PtCl]*" demonstrates Ru@® dpp( *) CT transition at ma>"°= 509 nm with a
red shift compared to the monometallic synthon JERu(dpp)f* ( mad™> = 470). Coupling of
electron withdrawing unit of cis-PtClto the monometallic precursor of [(bpRu(dpp)f*
stabilizes the dpp¢) orbital, resulting in a lower energy shift of @hMLCT transition.
Electrochemically, the heteronuclear complex ofpjBRu(dpp)PtCl]>" (E12® = -0.49 V)
exhibits substantially more positive potential slaif the first reduction than its homogeneous
synthons of [(bpyRu(dpp)f’ (Ev2®® = -1.30 V) upon the platinum coordination, coresitwith
the electronic absorption data. This positive puaéénshift as well as the red shift of

spectroscopic data is indicative of the formatibthe mixed-metal RUPt' complex.
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Figure 1.13.The scheme of mixed-metal supramolecules bridgelidentate BL dpp (dpq
= 2,3 bis-(2-pyridyl)quinoxaline) with the Form Af(bpy),M( -BL)PtCL]**, Form B:
[{(bpy)2M( -BL)}2Ru( -BL)PtCl]®*, and Form C: [(R-tpy)MCI(-BL)PtCL]*, where M = Ru or
Os.
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Table 1.2.Redox and spectroscopic properties of homogeneolspRlyazine complexes and
RU' Pt" mixed-metal supramolecules by using bidentateEL= bridging ligand, TL =

terminal ligand.

/™= Ew E., (V vs. Ag/AgC)
Complex (V vs.

(nm)  aAg/iagch  BLY BL™*  TLY  TLY

[Ru(bpy)]~* ¢ 452 1.32 -1.30  -1.49
[(bpy).Ru(dpp)f*® 470 1.38 -1.01 -1.46  -1.67
[(bpy).Ru(dpp)PtCl)** 509 1.62 -0.49 -1.06 -1.44
[(bpy)Ru(dpq)f*® 515 1.47 -0.72 -1.40  -1.62
[(bpy):Ru(dpq)PtCl]** © 582 1.72 -0.28 -0.83
[(bpy).Ru(dpb)f*® 550 1.48 -0.62 -1.26  -1.60
[(bpy).Ru(dpb)PtCf]** © 630 1.61 -0.11 -0.75
[(tpy)RuCl(dpp)] | 510 1.04 -1.07 -1.27
[(tpy)RuCI(dpp)PtC]* 544 1.14 -0.50 -1.05 -1.43
[(tpy)RuCI(dpq)] | 570 1.06 -0.77 -1.27
[(tpy)RuCI(dpq)PtCl]* " 632 1.10 -0.32 -091 -1.50
[(tpy)RuCl(dpb)] | 595 1.02 -0.61 -1.25
[(tpy)RuCI(dpb)PtCy]* 682 1.12 -0.20 -0.81 -1.51
[{(bpy) .Ru(dpp)LRu(dpp)f* ¢ 747 1.58 -0.50 -0.64
[{(bpy)-Ru(dpp)LRu(dpp)PtC{]®* ¢ 750 1.58 -0.40 -0.60

& Measured in CECN, bpy = 2,2'-bipyridine, dpp = 2,3 bis-(2-pyriYiyyrazine, dpq = 2,3
bis-(2-pyridyl)quinoxaline, and dpb = 2,3 bis-(2rlyl)benzoquinoxaline.

® Recorded in 0.1 M BINPR; CH:CN with E in V vs. Ag/AgCl (0.29 V vs. NHE)

¢ Refl®

d Ref.ll7

e Ref.l”

f Ref.121

9 Refl34
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1.8 Stereochemistry

1.8.1 Homochirality and Symmetry Breaking

In biochemistry, macromolecular chirality arisesnfr the self-recognition of intrinsically
homochiral molecules (D-sugars and L-amino acidsyjjood example of complete symmetry
breaking in chirality is the fact that a seriesnaftural products exsit only as one of the two

enantiomers. Origins of chirality are still contevsial***%

and have long been argued.
Thermodynamically, chiral compounds synthesizednhfiachiral starting materials and reagents
are racemic (with identical amount of the two ermaners). The excess of either the left-handed
or right-handed enantiomer can be achieved by mgalkge of chiral auxiliaries or asymmetric
catalyst. Chiral discrimination has been estabtishy the formation of crystals (Pasteur, 1848)
which requires a process whereby the moleculesrddseat early stages to form structured
aggregate$®* ! 1t is believed that such amplification of chirgliby crystallization or surface
adsorption reduces the freedom of the motion ofiiecules in fluid or gas state. Alternatively,
nature’s spontaneous enantioselectivity is alsgpgsed as a result of the circularly polarized

light radiation******magnetic induction?***°

or electroweak interactions arising from the parit
violation*"**®None of them, however, are conclustVe*

A chiral molecule has to be in the point group<efor D,, I, O or T which do not possess
improper rotation axes,,S The molecule and its non-superimposable minm@age are referred
to as enantiomers or optical isomers. A mixturénviite same amount of enantiomers is defined
as a racemic mixture and is not optically activee Tholecule with more than one chiral center
superimposable to its mirror image is a meso mddéedi meso compound is a diastereomer of
the enantiomers. The assembly of the asymmetri@ecntdr units can only present in the 65
Sohncke space groups (chiral space grasisummarized in Table 1.Bamong the total 230

150
€

possible arrangements of symmetry elements in the state.”™ There are three possible

arrangements of the enantiomers in the solid ds/sta

1) Racemate, in which two equal amount of the tmanéimoers are distributed in the lattice
with well-defined order. The racemic compound ie thost common form of the crystalline

enantiomers. There are 60-80% of racemic crystaise P2/c, G/cand P1 group&*
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2) Conglomerate, in which each enantiomer condessaith itself to form a homochiral
enantiopure crystal, such as sodium ammonium tartedrahydrate (Pasteur’s salt). Up to 90%
of the conglomerates are found im®2;, P2, C, and P1.

3) Racemic solid solution, in which there are Jfiar of the two enantiomers with disorder
arrangements in the solid state, are probably duéhe strong similarity between the two

enantiomers 015!

Table 1.3.65 chiral space groups in crystals, where spaagpgrof the enantiomorphous pairs
are highlighted in the brackets, Ret.

Crystal Space groups

Cubic P23,P2:3,123,12,3, F23,P432,(P4,32, P4:32), P4,32,1432,14,32,F432,F4,32

P4, (P44, P4s), P4y, 14,144, PA22,P42,2, (P4122,P4322), P41212, P432:2), P4,22,

Tetragonal P4,2:2,1422,14,22
Monoclinic P2, P2,, C2
Orthorhombic P222,P222), P21212,P2:22;, C222,C222, 1222,12,2,12;, F222
Triclinic P1
Trigonal P3, (P3,, P3,), P312,P321,(P3,12, P3,12), (P3:21,P3,21), R3, R32,

Hexagonal P6, (P61, P6s), (P6,, P64), P63, P622,(P6:22, P6:22), P6322, (P6,22, P6,22)
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1.8.2 Symmetry and Time-scale

Real molecules are always in motion with time. Ewkough the enantiomers are non-
superimposable, the conformations of some enati®raeg interconvertable with low energy
barrier. If the inversion is fast compared to timet scale by all the means of observations, the
chirality argument makes no sense. Therefore, gardtional stability is essential to maintain
the chirality with the respective of measuremérfs.

A flexible molecule can achieve a sustainable conédgion with a certain symmetry element.
A typical example to address this issue is an amiitie three different groups. In principle, the
pyramidal form of such amine is a chiral molecuke.fact, the two conformations rapidly
convert to each other through an achiral plane. répel inversion makes an effectively achiral
system without isolable stereocisomeFsg(re 1.14). On the other hand, such conformational
isomers can be stable at RT owing to the high gnkegriers for conversion between isomers.
The type of these sterecisomers is depicted apistimers. Atropoisomers can convert to each
other by passing through a substantial energydvawith the increasing of the temperattite.

Stable conformations can be facilitated by incoapiaog steric bulk groups to prevent the
racemization, or by coordinating to multiple metas'® As illustrated inFigure 1.15 the two
benzene rings in biphenyl are not planar as a cumesee of the steric crowding from the
neighboring hydrogen. The resulting chiral confotiorais racemized by the rapid rotation of
the C-C single bond. Upon enlarging the benzergsria naphthalene rings, the conglomerate of
1,1'-binaphthyl is resolved by the spontaneousgs®érom the racemic méft: Replacement of
the two ortho-hydrogens in naphthalene rings witlo +OH groups to form the 1,1'-bi-2-
naphthol (BINOL) molecule, The enantiomers of BIN&nd its derivatives have been resolved

in the solution at RT and widely used as dissymimestalysts in chemistry?
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Figure 1.14. lllustration of the interversion of an achiral malde (an amine bonded with three
different groupsyia an achiral intermediate transformation

biphenyl aphthalene 1,1'-bi-2midyol (BINOL)

C 99 SO
0] 9@ ey

Achiral Resolved by crystallization Resolved at RT in solution

Figure 1.15. lllustration of the symmetry breaking by introdugitbulky groups to limit the
interconversion in the achiral molecule of bipherlge chiral molecule of naphthalene ahd '-
bi-2-naphthol (BINOL).
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1.9 Nuclear Magnetic Resonance (NMR)

NMR techniques can provide much information abowoletules with NMR active

uclei su ’ 155-
nuclei such asH, *°C or*¥pt°>%8

1.9.1 Chemical Shift ()

When a magnetic field is applied to an atom, tleetebns of the atom circulate in the
applied magnetic field. Thus, a small magneticdfied induced by the circulating
electrons with an opposite direction to the appliedgnetic field (Lenz's law). The
effective field is less than the externally appliedd. As a result, the nucleus is shielded.
If the nucleus possesses an overall spin, therefectenvironment of a nucleus can be
investigated by (NMR) techniques. The more the iapgpffield is, the greater the
resonance frequency for the various nuclei. Theeefine chemical shift was developed
to avoid the difference of the NMR spectra takenddferent spectrometers in different
field strengths. Chemical shift, is usually expressed in parts per million (ppry) b

frequency*>

_ frequencyof signal- frequencyof reference
spectromedr frequency

a X10°

The frequency (in Hz) of the signal dH, *C are usually referenced against
tetramethylsilane (TMS, = 0). Chemical shift () is a function of the nucleus and its
chemical environment. is useful to distinguish the structure and confation of the
molecules, even their aggregation.

For the same nucleus likel, the trend of chemical shift correlates to thegrée of
shielding or deshielding effect with the variation the electron density. When the
nucleus is exposed to the external magnetic fielectron donating and electron

withdrawing group can shield and deshield the &pplfield, respectively. As a
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consequence, the shielding and deshielding effdctause the signal of the move

towards upfield and downfield, respectiveBigure 1.16.">°

— —)
Higher frequency - Lower frequency
Downfield - Upfield
- Deshielding - Shielding
- Paramagnetic shift - Dimaanetic shift
10 8 0 ppm

Figure 1.16.The scheme to denote the dynamics of chemicakshift

1.9.2 Electron Withdrawing Effect via Metal-ligand Bonding

A change of the of a nucleus such a# of free ligand can be observed after
coordinating to metal center. The cause of thisabn is based on the chemical
(electronic) environment variations, which canafi®m not only the metal-ligand bond,
but also the configuration change within the compleor example, downfield shift is
observed in [(tpy)PtCl] vs. tpy arising from the electron withdrawing effef positive
charged Pt on the tpy. ThéH-NMR spectra of tpy ligand and its platinated céewp
show a characteristic shift for the electron witdwing effect, Figure 1.17 1t is
important to note free ligands have free rotatib€eC bond between pyridyl rings. The
energetically favored conformation of uncomplexed anprotonated terpyridine adopt
the trans configuration, which results from elestatic repulsion of the lone pair
electrons on nitrogen atoms and steric repulsioth@fortho-hydrogen atoms in Ring A
and B. The free ligand of tpy in solution presdnass/trans orientation with the rotation
of the2—bonds. After coordinating to 'Ptthe three N atoms must be nearly coplanar with
the P¥ and ClI in [(tpy)PtCI|, in which the three pyridine rings are almost eoplr with
the coordination plane with a slightly torsion a@.0° between the two peripheral
pyridine rings. Such conformations of the free tagd [(tpy)PtCI] complex are

33



consistent with the NMR data, as depictedFigure 1.17 The'H-NMR spectrum of tpy
displays six nonequivalent proton resonances wxpeeted splitting patterns. Upon
complexation, the protons in [(tpy)PtClindergo dramatic downfield shifts due to the
coordination of the electron withdrawingd'Ration. The resonances a8.53, 7.97, 8.93
undergo significant downfield shifts for the protei® ( = 0.51 ppm), the ¥ ( =
0.46 ppm), and the ¥ (= 0.20 ppm), respectively® The multiplet at 8.65 ppm
corresponds to the protons ot'HH** and H?®.

Figure 1.17.'H-NMR of free ligand terpyridine (top), and [tpyRIC (bottom) in &-
DMSO. The arrows show the chemical shift due todleetron withdrawing effect upon

coordination. Adapted from R&Y°
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1.9.3 Ring Current Effect

Chemical shifts are influenced by delocalize@lectrons in the rings of aromatic
molecule which induce a ring current in the present an external magntic field as
stipulated by Ampere’s law. This can lead to somewmexpected chemical shifts for
aromatic systems.

Geometry of the compounds is an important factodetermining the values of
protons. Three factors including steric repulsiononf ortho-hydrogen, electrostatic
repulsion from the lone pair electrons on nitrogand the free rotation of tiabond
make pyridyl or pyrazine free ligands exhibit theected trans-conformations in their
solid states and have characteristit-NMR spectra in the solution. Th#H-NMR
spectrum of bpy was shown kigure 1.18 Analyzing the spectrum from left to right, the

of H® protons are assigned to the lowest field withréfsresentative resonance pattern
(doublet) and characteristic coupling constan{s.0-7.0 Hz).This is attributed to the
inductive effects from the nitrogen (electron witinting effect). Upon the identification
of H° the assignments of the rest of the protons weoeraplished by usingH-'H
COSY. The observed chemical shifts and splittingepa for the free ligands, tpy and
tppz hereinafter are consistent with the literareyorted data’ ***

The differences between free and coordinated ligandsige information on the
metal complexes. With metal-ligand complexatior thetal ion is the electron acceptor
resembling the electron withdrawing group, andri@&s the electron donor acting as the
electron donating group. Usually, tBebond (L M) reduces the electron density on the
ligand, thus a deshielding effect is observed am tlof ligands in the complexation,
although the back-bonding (M L) or -bonding should also be taken into account. The
effect of the long distance coupling can influenaérough bonds or through space. The
through-space impact onis stronger in larger conjugated systems. Ringecurarises
from the polycyclic aromatic moieties with the dmbzed electrons in an external
magnetic field, which can shield and deshield theleus located over or outside of the
rings. For example, in the [Ru(bplPFs)., Figure, 1.19 (left) ° three bpy ligands
coordinate to Ru and display an octahedral cordigom. Such conformation will cause

large ring current effect for the protons locatecerothe aromatic rings, undergoing
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upfield shifts. The shield effect was observed éndHifting the signal to the upper field

up to 2.23 ppm comparing to free ligakdgure 1.1

8! By contrast, a deshielding effect

is observed for BA and H'B, shifting their signals to the lowest field by48.ppm in

relation to the free ligand.
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Figure 1.18.500 MHz'H-NMR spectra of (bpyRuCb, free ligand bpy, and
[Ru(bpy)]* and CQICN. Our data are comparable to literature reporsddes:®*
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Table 1.4.500 MHz'H-NMR chemical shifts () and coupling constantdJ of bidentate
free ligand bpy, (bpyRuCh and [Ru(bpyj(PFs)2, which are comparable to the
literature reported value$§

Ring H position on the bpy (bpy,RuCh [Ru(bpyX](PFs)»
Ring (ppm) Jin Hz) (ppm) €Jin Hz) (ppm) Jin Hz)
A 3 8.40 (8.0) 8.44 (10) 8.84 (8.0)
4 7.94 (7.5) 7.61 (9.5) 8.17 (8.0)
5 7.44 (5.5) 7.06 (7.5) 7.53 (6.5)
6 8.69 (5.0) 7.43 (7.0) 7.73 (6.0)
B 3 8.58 (10)
4 8.02 (10)
5 7.71 (7.5)
6 9.90 (7.0)

Figure 1.19.The crystal structure of [Ru(bpyj* (right)and (bpy)RuCk (left) displaying
the H protons are subject to the ring-current effect atettron withdrawing effect,
respectively. Our assignments are compared comigarab the literature reported

values!®?
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A combination of both the ring current effect artk telectron withdrawing effect are
presented in [(bpylRuCk] moiety, in which the protons in the two pyridyhgs of bpy are split
into eight non-equivalent signals. Remarkably, if3eon ring B is located just above the ®in

163 and is shifted downfield

as shown in the crystal structure of BRYCL in Figure 1.19 (right),
by 2.17 ppm in relation to the same proton in [Ryjil*>". Such inductive effects have been
observed in many bis(bipyridine)ruthenium chloritenplexes®***” On the other hand, the®H

on ring A buried over ring B is shifted to upfiddy 1.26 ppmcomparing to the same proton in

bpy, which happened to [Ru(bp}’ in the same way due to ring current effect.

1.9.4 Fluxionality in Tridentate Pt' Complex Characterized by NMR

The conformations of the metal complexes with téiligands bearing diverse binding
modes (like tppz) can lead to unexpected propefffiastors such as solvent (polarity or H-bond)
and inter-, intra-molecular interactions can catlee changing modes of binding and varied
intermolecular interactions. A fluxional binding dw has been suggested for the substituted
terpyridine (tpy) ligand$®*"* It seems that NMR data provides reasonable evelemc the
fluxional process associated witH' Romplex. As shown iffigure 1.2Q the®H NMR spectrum
exhibited two different isomers with a 2:1 integvatratio at RT. The energy difference of the

two isomers resulted from the unsymmetrical ligdfid.

] .~,‘I \\Jr,fl N ‘lg, “ ﬂ MM

85 8.0 75
d

7.0

Figure 1.20.The fluxional mode to interpret the NMR spectrunadfidentate Ptcomplex,
adapted from Ref®
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1.10 The Varied Binding Modes of the Ligand tppz

The ligand of tppz was first reported by Goodwin1i8591"? It consists of four
pyridine rings bonded to a pyrazine ring with f@&uC-C axes. There are two reported
solid state conformations on neutral tppagure 1.21 | & Il), in which neighboring
pyridine rings are twisted out of the pyrazine rpigne either in the same direction or in
the opposite orientation to relieve®H? steric repulsion if all the pyridine rings are
coplanar. Both of these two forms of tppz posse@$ §ymmetry, and have planar

pyrazine rings/>*"*

Vall/

Figure 1.21.The illustration of the two conformations observedhe crystal structures
of free tppz ligand (A, B) and binuclear ruthenisomplex, [(L)CIRu( -tppz)RuCI(L)F",
(L = arylazopyridine), exhibiting saddle-like geatnye(C), and chair-like geometry (D),
L and Cl are omitted for clarity.
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1.10.1 Binding Modes of tppz

Since the discovery of the tppz ligand, the obsérpeoperties have stimulated
extensive research on the utilization of tppz asqsr spong¥* fluorescence sensors
191 molecular wiré” 19%%erroelectrics® magnetics,” charge separatoréand BL on
supramolecular assembiliés.

Upon complexation, the deformations of the pyrazing play an important role in
reducing steric crowding between neighborintjdtbms on the pyridine rindg$>™*’’ Due
to the flexible orientation of the four pyridinengs and multiple binding sites, the tppz
ligand is shown to coordinate to metals in a varatunusual coordination environments,
highlighted in a review by Penningtoff.

For chelating purpose, the nitrogens of the ringsigpating in the coordination have
to adopt a cis-conformation via rotation of the Gsidgle bonds connecting the ring
systems. The steric hindrances arising from theéak rotation of the pyridine rings to
allow simultaneous complexation to multiple N atol®eads to the tppz distortion from
planarity to relieve steric crowding. A diversity loinding modes of the tppz has been
identified and characterized.

Many conformations of the tppz metal complexes hbgen confirmed by X-ray
crystallography. In the tridentate binding modegeréh are three basic binding
coordinations observed, M(tppz), M(tppzand M( -tppz) Figure 1.22. The forms of
M(tppz) and M(tppz) exhibit similar structures as ¢l -tppz), in which tppz adopts two
conformations: the saddle-like and chair-like getree (Figure 1.21 C & D).
Interestingly, these two conformations can exisbme unit cell of a binuclear ruthenium
complex, [(L)CIRu(-tppz)RuCI(L)f*, where L is an arylazopyridine ligan®. In the
saddle-like configuration, the mutually trans pafipyridyl rings are twisted in the same
sense towards one side of the pyrazine HAG°By contrast, in chair-like symmetry, the
pyridine rings bow out of the pyrazine ring plafigge the free ligand’s conformation
111818410 both of these structures of [(L)CIRufppz)RUCI(L)f*, the distortions from
the four pyridine rings are offset to make the pyra closer to planarity (minimal
distortion from planarity).
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Figure 1.22 Scheme of the multiple binding modes for tppz asitidentate and

tridentate ligand, Ref°
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Figure 1.23.Example of the multiple binding modes for tppzfas bidentate and
tridentate ligand in the complexes of [(ph&t)(tppz)f*, [(tppz)P(PES).Clo]**
[(tppz)Re(COYCl5] and [CIPt(tppz)PtCH, Ref18>187. 189

The ligand tppz can have three possible bidentimgiry modess,'879,'® and
:18 as shown inFigure 1.22 or a mixture of them to have bis-, and tris-bidés
coordination configurations. These biding modesehasen observed in the complexes of
[(phenyRu(tppz)f*  [(tppz)PE(PEL).Clo)>* and [(tppz)Re(CQEls] as illustrated in
Figure 1.23 (A), (B) and (C) respectively.

The ligand tppz also can adopt various binding reoole the same metal centers,
which have been structurally confirmed for someahebmplex in the solid state. For
the square planar coordination Pt, the ligand tippfCI(PE&)Pt( -tppz)(PE$§)CI)*™%
(Figure 1.23 B)and [CIPt( -tppz)PtCIf*,*®® (Figure 1.23 D exhibited bis(bidentate) and
bis(tridentate) in a fashion, respectively. The variety of binding medé tppz make it
critical that assumptions are not made concerninditg modes in metal complexes but

rather carefully probed as unexpected coordinasaften encountered.
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1.10.2 Chirality in Complexes of tppz

Chirality arising from structure variations of tppas been mentioned but not yet
characterized’® *"®Molecules with a helical structure can be descrias right-handed
(P) if it resembles a screw that rotates clockvaxsay from the viewer or as left-handed
(M) if the rotation is counterclockwis&igure 1.24). Helical chirality can also be present
in the metal complex containing two or more bidenteggands. The assignment of this
chirality of complexes uses as the right handed configuration, ands the left-handed
configuration. The universal chiarlity descriptosgre summarized by Brown as two
systems: 1) Steering-wheel system, and 2) Skew-fipgtem:**°° The skew-line
convention is recommended by IUPAC as the chiralaynenclature if the CIP (Cahn-
Ingold-Prelog) priority rules cannot appf/*%®In metal complexes, two skew lines are
the projections of the two planar chelating ringshon-planar chelating rings. Thé
descriptors of the chirality are for the two orébmbidentate ligands bound to a metal, and
the P/M descriptor can feature the helical chiylaresulting from the different
components in one molecuf€. The skew-line descriptor of the chiral complex is
illustrated inFigure 1.24%%°

The restriction of rotation of pyridine rings by noplexation could render stable
stereoisomer for tppz metal complexes. As Goodwamtioned, in the mono-tridentate
tppz binding mode, the two uncomplexed pyridingsirtould be on the same side or
opposite side of the pyrazine plane when tppz la¢tddo a four-covalent metal atoms
(like Pt"). The former conformation (chair-like) has a plafiesymmetry. While the latter
(saddle-like) have a diad axis of symmetry, resgltiin two enantiomorphous
configurations Figure 1.25 A & B).}"? It is worthwhile to point out the complexes with
the [Mi(tppz)M;] entities would also possess possible stereocisomermatter whether
the two metal ions are same or not. Although suthngements of tppz have been
structurally observed in solid single crystalstlditdiscussion this chiarlity has been
presented. Our work will uncover chiral tppz me@mplexes with significant barriers to

interconversion in fluid solution.
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Figure 1.24.The skew-line chirality descriptors witli  for the mononuclear complex,
and P/M for the charility arising from the moleaut@mponents in a polynuclear

complex. Ref®

Figure 1.25. lllustration of the P and M geometries of the screwarlity in square
planar coordinated tppz. REf
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1.11 Applications: DNA-Metal Complex (MC) Interactions

1.11.1 Structure of DNA

DNA, or deoxyribonucleic acid, is a biological macrolecule made of four different
monomers. Each monomer unit, called a nucleotidesists of a phosphate group, a 2'-
deoxyribose (a 5-carbon sugar), and one of fouedakymine (T), cytosine (C), adenine
(A), Or guanine (G). Within the monomer, the 5' aidcarbons are attached to the
phosphate group on either side. The phosphateef'tbarbon of deoxyribose is linked
to the 3' carbon of the next deoxyribose. This ¢ead' and 3' directionality to the DNA
strand. The joining of two complementary singleastts of DNA through hydrogen
bonding to form a double-stranded DNA is called ridikation. The two strands of a
DNA double helix are arranged in opposite or aitigtlel directions, so that one strand
is 5'-3' and the complementary strand is 3'-5'illastrated inFigure 1.26 The bases
form a -stack thought to enable electron transfer throDgiA.?°* The DNA helical

structure is an example of the many chiral systenisology.

A B
Minor

Groove

Figure 1.26.Watson—Crick base pairs of the DNA and their etettive sites (A), and
the helix of the double stranded DNA (B)
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1.11.2 Binding Modes

The properties mentioned above enable DNA to ioterath metal complexes. The
interactions between metal complexes and DNA amemgdy distinguished as four
modes: external or ionic binding, groove bindingercalation and covalent binding. The
external or ionic binding involves electrostatiteiraction between the positively charged
metal complex and the negatively charged phospbkatar backbone of the DNA
molecule. The luminescence enhancement of the engdl [Ru(bpy}]** (bpy = 2, 2'-
bipyridine) upon binding to DNA via an electrostathode is strongly dependent on the
ionic strength. Cations like Mgelectrostatically bind DNA in this way. Groove bing
is the approach of a metal complex within van deal&/contact and in the DNA grooves,
Geometric and steric factors of the complex playngportant role during groove binding
to DNA. Intercalation is insertion of a complex ia planar ligand between the DNA
base pairs and is thus less sensitive to ioniagtherelative to the two other binding
modes. The process of the intercalation is favdmgethe presence of an extended fused
aromatic ligand in the complex, e. g [Ru(ph¢RHEHAT)** (phen = 1, 10-
phenanthroline, PHEHAT = 1, 10-phenanthrolino[5b]6, 4, 5, 8, 9, 12-
hexaazatriphenylené}®> Covalent binding of the metal complex to DNA elealthe best
control of orientation and selectivity. Most of taatitumor platinum complexes such as
cisplatin (cis-[(NH).PtCk]) bind to DNA in this way.

1.11.3 Binding to DNA

The anti-tumor activity of cisplatin was discoversetendipitously by Rosenberg in
19652%32% Cisplatin was clinically approved for cancer treant in 1978. Cisplatin
coordinates with DNA mainly through the N-7 atomgafanine and adenine, illustrated
via X-ray crystallograph$?>?°® Interaction of cisplatin with DNA occurs in twoegis
through the positive charged aquated intermedidtee first step involves the
replacement of one chloride atom by water to fohe mono aqua species with one
positive charge, which can bind to either a singdienine or guanine bases of DNA.
Monofunctional binding is followed by hydrolysis tife second chloride and binding to a
nearby purine base to form an intrastrand cross-into a purine base to form an
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interstrand cross-link on its complementary DNAastl. The dominant intrastrand
crosslink is believed to be responsible for cigplatantitumor actions. During this
process, the square planal Bovalently binds to DNA® The success of cisplatin as an
anti-cancer agent has given rise to a new fieldraflog research aimed at overcoming
the limitations of drug resistance and toxic siffeats. The general strategy has been to
develop cisplatin analogs that have a better tleertapindex than cisplatin by reducing
side effects and/or increasing potefiti?'? New metal complexes with multiple
bioactive sites have also been exploited as paieatititumor agents, as reviewed by
Zaleski et af*

The mechanism of cisplatin-DNA interaction providgsidelines for the rational
design of other metallic anti-tumor agefit.Brewer’s group has conduct extensive
research to develop a new class of cisplatin antituagents coupled with Ru
chromophoré!” 122124 A series of metal complexes with cis-Pt@hoiety have been
investigated with the form [(bpyRu(BL)PtChL]** or [(tpy)RuCI(BL)PtCH* (BL =
bidentate bridging ligand). Complexes of the formu(bpypRu(BL)PtCb]**, bind to
DNA through the cis-PtGl or intercalate into DNA through the BL’ The labile Cl
ligands enable the covalent binding of these corgsdedo DNA. The positive charges
imparted by the Rllead a greater binding of these complexes to DNmared to
cisplatin. Complexes of the formula, [(tpy)RUCI(BIThL]", exhibit avidly bind with
DNA.'# 2% Brewer et al have reported a tetrametallic"®RU complex which
photocleaves DNA vid0, mediated pathway>

Although many bidentate Ptcomplexes have been synthesized for DNA binding
study, the search continues for tumor specific egenth higher efficiency and lower
side effects relative to the cisplatin.

Planar tridentate Pt complexes can bind to DNAegitty covalent attachment, ionic
interactions, or intercalation. The tridentat® &mplex, [(tpy)PCI], has been reported
to intercalate between the DNA base pairs thrqughstacking. The crystallographic unit
contains two molecule of [(tpy)PtCl] and a hydrogen-bonded (adenosine-5'-
monophosphate) AMP base pairs. The two [(tpy)PtCiltions are intercalated between
the base pair, which in turn are stacked on oneghanan the crystal latticeF{gure
1.29.#*  Another metallointercalator,  [(tpy)Pt(HET)[EY (HET = 2-
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hydroxyethanethiolate) can unwind the deoxycytieigy)5)-deoxyguanosine (deoxy
CpG) antiparallel double helix. The interactionvbetn deoxy CpG. and a mixed metallic
complex, [(tpy)Ru(dtdeg)PtCI]G1'° (dtdeg = bis[4-(2,86,2¢¢

terpyridyl)]diethylenglycol), are reported covalgntbinds to DNA by Pt due to

labilization of the CI group.

Figure 1.27.Representation of the intercalation of tridentatedmplex, [(tpy)PtCl]into
DNA bases.

Incorporating of the R photosensitizer to a bioactive Pt site allows the
development of supramolecules as the antibactedalpounds with multiple binding
modes. This design provides a means to deliveRtHechromophore to the DNA target.
The spectroscopic and redox properties of the dedigomplexes play an important role

to understand the mechanism during the DNA bin@dmBNA photocleavage.

48



1.12 Statement of Problem

The primary goal of this research is to investigateredox and optical properties of
mixed-metal RU,Pt' supramolecules bridged by a tridentate polypyriliyand, tppz
(tppz = 2,3,5,6-tetrakis(2-pyridyl)pyrazine). Thmsolves the development of methods to
synthesize, identify and characterize such compglexe well as the study of their
electrochemical, photophysical, photochemical prigge and potential biological

activities.
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Chapter 2: Experiments: Materials, Syntheses and Mesurements

2.1 Materials

RuCk:xH,O (Alfar Aesar), KPtCl, (Alfar Aesar), 2,26¢2¢&erpyridine (tpy)
(Aldrich), 2,3,5,6-tetrakis(2-pyridyl)pyrazine (tpp (Aldrich), (NHsPF;) (Alfar Aesar),
tetrabutylammonium hexafluorophosphate {BBF;) (Fluka), spectral and ACS grade
acetonitrile, and toluene NRF;, K,PtCl, (Alfar Aesar), 2,26¢2¢&erpyridine (tpy,
Aldrich), Ethidium bromide, bromophenol blue, xyencyanol, 2,3,5,6-tetrakis(2-
pyridyl)pyrazine (tppz, Aldrich), BINPF; (Fluka), spectral grade acetonitrile (Burdick
and Jackson) were all used without further purifara

Electrophoresis grade boric acid, agarose, moleculbiology grade
tris(hydroxymethyl)aminomethane, and glycerol walteobtained from Fisher Scientific
(Pittsburgh, PA). Plasmid (pUC18) DNA was purclitaem Bayou Biolabs (Harahan,
LA). Lambda DNA/Hind Ill molecular marker was olbtad from Promega (Madison,
WI).

2.2 Syntheses

[Ru(tppz)](PFs)22" [(tpy)Ru(tppz)](PR).>° and [PtCHDMSO),]**" were prepared as

the precursors to obtain the two new complexes.dther complexes: [(bpyRuCh],**

[Ru(tpy)Ch],** [Ru(tpy)](PFs)2,*° [(try)Ru(tppz)Ru(tpy)](P)s
[(tpy)Ru(tppz)Ru(tppz)Ru(tpy)](Rfs were prepared by modification of the published
methods, and served as control complexes to ma&arlgl understand the results of
studies of the title [(tpy)Ru(tppz)PtCI](BE and [CIPt(tppz)Ru(tppz)PtCl](R)a

complexes.
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2.2.1 Synthesis of [(tpy)RuGj

The [(tpy)RuC}] was made by reacting Ru&H,O (10 mmol, 2.6 g) with tpy (10
mmol, 2.2 g) with stoichiometry ratio, stirringr@flux in 200 mL absolute ethanol under
argon for 4 hrs as previously reported The solid was separated by vacuum filtration
washed with ethanol (3 X 30 mL), deionized (DI) &ra(3 X 30 mL) and dried under
vacuum with a typical yield of 89%. The productveel as starting material to prepare
[Ru(tpy)](PFe)2, [(tpy)Ru(tppz)](Pk)s, [(tpy)Ru(tppz)Ru(tpy)l(PE)s,
[(tpy)Ru(tppz)Ru(tppz)Ru(tpy)](Rs and [(tpy)Ru(tppz) PtCI](Pds.

2.2.2 Synthesis of [Ru(tpy)(PFe)2

[Ru(tpy)](PFs). was prepared by a modification of the publishedhoe??® The
mixture of RuC4-3H,O (1.0 mmol, 0.26 g) and tpy (2.5 mmol, 0.55 g)hwit:2.5
equivalent was heated at reflux under Ar in 1:lv)\@thanol/water for 12 hrs. The
resulting yellow solution was allowed to cool usiog-water and filtered to remove the
unreacted tpy. Upon addition of 30 mL 4.0 M aqueamsmonium hexafluorophosphate,
the yellow precipitate that formed was collectedvaguum filtration, rinsed with water
(4 X 20 mL) and dried under vacuurtd-NMR (500 MHz in CQCN, in ppm ¢ in Hz),
Jin Hz): 8.74 = 7.5 4H), 8.41J= 8.0, 2H), 8.49J= 8.0, 4H), 7.91J= 8.0, 4H), 7.16
(J=6.0, 4H), 7.34J= 5.0, 4H).

2.2.3 Synthesis of [(tpy)Ru(tppz)](PE).

The building block approach was utilized to synibe$(tpy)Ru(tppz)](PE).. For our
work a modification of the published procedure wpasformed®> ?** To a solution of
[(tpy)RuClk] (0.31 g, 0.67 mmol) in 50 mL 95% ethanol was atltgz (1.10 g, 2.84
mmol) in the presence of 3.0 mL triethylamine. Tin&ture was heated at reflux for 6 hrs
under argon atmosphere. The resulting solution e@ded and filtered. The crude
product was then precipitated with 4.0 M aqueousnamum hexafluorophosphate,
vacuum filtered, washed with water (3 X 20 mL), aingtd by washing with diethyl ether
(3 X 20 mL). The solid was purified via column ghratography (40 mm X 15 cm) on
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neutral alumina with 1:1 (v/v) toluene/acetonitrds the eluant. The orange band was
collected and concentrated by rotary evaporatioliowed by the purple band, which is
the product of [(tpy)Ru(tppz)Ru(tpy)](Bfz. The resulting products were then dissolved
in a minimum amount of acetonitrile and flash ppé&eted by addition to stirring diethyl
ether. The final product was obtained by vacuuriration and vacuum drying. The
typical yield is 55% (0.37 g, 0.37 mmoBH-NMR (500 MHz in CRCN at RT) of
[(tpy)Ru(tppz)](PK)2:  in ppm (in Hz),8.80 g = 8.5, 2H), 8.50J= 8.3, 1H), 8.53]J =
8.0, 2H), 7.971= 8.0, 6.8, 1.2, 2H), 7.24E€ 7.5, 6.0, 1.0, 2H), 7.59 € 6.0, 1.0, 2H),
8.36 0 =7.5, 1.8, 2H), 8.24)(= 8.0, 6.5, 1.7, 2H), 7.74 € 7.8, 6.8, 1.7, 2H), 8.7I E
5.0, 2.0, 2H), 7.51J(= 8.0, 1.0, 2H), 7.60J(= 8.0, 6.0, 1.8, 2H), 7.13E 7.8, 6.3, 1.5,
2H), 7.40 0 = 5.5, 1.5, 2H), FAB-MS [m/z]:calculated (M-BF 868. This compound is
used to make the new mixed'Ret' bimetallic complex, [(tpy)Ru(tppz)PtCI](R).

2.2.4 Synthesis of [Ru(tppz)(PFe)2»

[Ru(tppz}](PFs), was prepared by a modification of the previouslyblshed
proceduré” A mixture of tppz (190 mg, 0.50 mmol) and Ry@10 mg, 0.20 mmol) in
60 mL 95% ethonol was heated at reflux under argesrnight. The compound was
precipitated by 4.0 M aqueous ammonium hexafluoosphate and separated by vacuum
filtration. The product was chromatographed on gaisan alumina using 3:2 (v/v)
toluene/actonitrile as the eluent. The desired pebdvas eluted as an orange band,
followed by the purple band, which is likely theoduct of [Ru(tppzk](PFs)s. The
orange band compound was recovered and concenbtedary evaporation, dissolved
in a minimum amount of acetontrile and flash prigated by addition to a vigorous
stirring solution of diethyl ether. Final producasvseparated by filtration and dried under
vacuum. The vyield for this complex is 35% (0.080@71 mmol)H-NMR (500 MHz
in CDsCN) of [Ru(tppz)](PFs)2:  in ppm (in Hz),8.38 0 = 8.0, 4H), 8.27J= 8.4, 6.9,
1.4, 4H), 7.781=7.8, 2.0, 4H), 8.76)(= 5.0, 4H), 7.63J= 7.5, 4H), 7.66J = 8.0, 4H),
7.22 0=6.0, 4H), 7.67J= 5.0, 4H). FAB-MS [m/z]: calculated (M-RF: 1023.
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2.2.5 Synthesis of [(tpy)Ru(tppz)Ru(tpy)](PE)s

The synthesis of [(tpy)Ru(tppz)Ru(tpy)](®Fwas achieved by a building block
method via a modification of the published procedir The precursor
[(tpy)Ru(tppz)](PFK)2 (0.10 g, 0.10 mmol) and the [(tpy)Ru{(0.18 g, 0.40 mmol) were
mixed into 60 mL ethylene glycol and heated atweffor 48 hrs under an argon
atmosphere in the presence of triethylan{th@¢1 mL, 0.80 mmol). The initial orange
black solution gradually changes to purple. Theitsmh was then removed from the heat
and 4.0 M aqueous ammonium hexafluorophosphate (ADP was added to induce
precipitation. The solid product thus obtained wiidtered and wash thoroughly by
ethanol, diethyl ether and ice-cold water. The dangpobtained by recrystallization via
CH3CN/ELO by slow diffusion. Yield: 87% (0.14 g, 0.091 minol

2.2.6 Synthesis of [(tpy)Ru(tppz)Ru(tppz)Ru(tpy)](FFe)s

[(tpy)Ru(tppz)Ru(tppz)Ru(tpy)](Rfs has been prepared previously by Abruna's
group following a different synthetic proceddfeA similar procedure was applied to the
synthesis of [(tpy)Ru(tppz)Ru(tpy)](Bk. Specifically, [Ru(tppz)(PFs). (0.12 g, 0.10
mmol), [(tpy)RuC}] (0.37 g, 0.80 mmol), triethylamin@®.22 mL, 1.60 mmol) were
added into 60 mL ethylene glycol and refluxed ttmee days under argon atmosphere.
The reaction solution goes from a black to a rdddislor. To this was added a 4.0 M
agueous ammonium hexafluorophosphate (100 mL) stithing to form precipitate as
the Pk salt. The precipitate was collected by vacuurtrafilon, followed by rinsing
with ice-cold water and diethyl ether. The solidmgée is recrystallized from
CH3CN/E®O. Yield: 73% (0.18 g, 0.071 mmol).

2.2.7 Synthesis of [(tpy)Ru(tppz)PtCI](Pk)3

The complex [(tpy)Ru(tppz)PtCl](RJz was prepared by dropwise addition of
[(tpy)Ru(tppz)](PK)2 (51 mg, 0.050 mmol) in C¥N (ca 10 mL) to a solution of
[Pt(DMSO)CI,] (84 mg, 0.40 mmol) in CECN (ca. 10 mL) under an Ar atmosphéere.
The reaction mixture was heated at reflux dar 4 h under Ar, cooled to RT, vacuum
filtered, and added dropwise to an aqueous solaichO M NH,PF; (ca. 50 mL). The
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violet product which precipitates upon additionaqueous NEPFR; was collected by
vacuum filtration and washed with EtOEa( 20 mL), distilled HO (ca. 10 mL at 0 °C),
and diethyl ether (50 mL). The product yield i946€0.05 g, 0.04 mmol)*H NMR (500
MHz in CD:CN): in ppm ( in Hz), 9.45 § = 5.5, 1.5 Hz, 2H), 8.87J(= 8.5 Hz, 2H),
8.86 = 8.5, 1.0 Hz, 2H), 8.74)E= 8.0, 1.0 Hz, 2H), 8.63(= 7.8 Hz, 1H), 8.56)= 7.5
Hz, 2H), 8.43=8.0, 6.3, 1.7 Hz, 2H), 8.11 € 7.8, 5.0, 1.3 Hz, 2H), 8.01 € 8.5, 7.0,
1.3 Hz, 2H), 7.99J= 7.8, 6.3, 1.5 Hz, 2H), 7.68 € 6.3, 1.0 Hz, 2H), 7.481 6.2, 1.0
Hz, 2H), 7.443=7.8, 6.8, 1.5 Hz, 2H), 7.1D € 7.8, 6.3, 1.5 Hz, 2H}*H-NMR, p=
-2579 ppm at 600 MHz in GCN vs. KPtCl4 p = -1613 ppm at 600 MHz in JO;
FAB-MS [m/z]:calculated (M-P§": 1243. FAB-MS spectrum is attachedAppendix,
Figure A.1. The structure of this complex was confirmed byaX- crystallography
analysis.

2.2.8 Synthesis of [CIPt(tppz)Ru(tppz)PtCI]|(Pk)4

Using a similar approach to the synthesis of [®w(ippz)PtCl](PE)s the complex
[CIPt(tppz)Ru(tppz)PtCl](P§s was prepared by dropwise addition of [Ru(tpl{P)Fs)-
(72 mg, 0.062 mmol) in CK¥N (ca. 10 mL) to a refluxing solution of [Pt(DMS&DI,]
(210 mg, 0.50 mmol) in C}N (ca 10 mL)?** The reaction mixture was heated at
reflux for 4 h under an Ar atmosphere, cooled to ftfered, and added dropwise to an
aqueous solution of 4.0 M NRF; (ca. 50 mL). The violet product which forms upon
addition to aqueous NJRF; is collected by vacuum filtration and washed vEtiOH (ca.

20 mL), distilled HO (ca. 10 mL at 0 °C), and diethyl ether (50 mL). Theduct yield
is 82% (0.097 g, 0.051 mmolfH NMR (500 MHz in CRCN): in ppm (in Hz), 9.50
(J= 5.5 Hz, 4H), 8.90)= 8.5 Hz, 4H), 8.77X= 8.0 Hz, 4H), 8.48)= 7.8 Hz, 4H), 8.18
(J = 6.5 Hz, 4H), 8.06X= 8.5 Hz, 4H), 7.85 (br, 4H), 7.50 (br, 4H{"H-NMR, p =
-2500 ppm at 600 MHz in GCN vs. KPtCl4 p = -1613 ppm at 600 MHz in JO;
FAB-MS [m/z]:calculated (M-P§): 1772. FAB-MS spectrum is attachedAppendix,
Figure A.2. This complex was crystallized from toluene/niteithane and analyzed by

single crystal X-ray crystallographic analysis.

54



2.3 Measurements

2.3.1 Mass Spectrometry

Mass spectrometry is a powerful technique to charae the composition of the
molecule with high specificity and resolution. Fastom bombardment mass
spectrometry (FAB-MS) and electrospray ionizatioass spectrometry (ESI-MS) are
applied to study the synthesized molecules.

FAB-MS was performed by M-Scan Incorporated, WesésTer, Pennsylvania, on a
VG Analytical ZAB 2-SE high field mass spectrometisingm-nitrobenzyl alcohol as a
matrix. The sample was prepared inCNl and infused into a capillary with a 5 mL/min
flow rate.

ESI-MS was carried out on a Micromass VG Platfolilne mass spectrometer was
equipped with a thermal pneumatic nebulizer andlsiquadrupole analyzer. The mass
spectrometer was operated in the ESI positive iodatwith a source temperature at 110
°C. The nebulizer gas flow is 20 L/hr and the dag dlow is 400 L/hr. In order to obtain
good sensitivity, the cone voltage can be tunedgatbe standard value of 30 V. ESI-MS
provides the profile of multiply charged gas-phasas by using a soft-ionization
technique, in which noncovalent features of theaowales can be maintained. Therefore,
a series of multiple charged states can be obsenv&$I-MS for molecules with non-
covalent bonds, e.g. hydrogen bond, electrostati@ction, or stacking???%?
Taking into account the phase transferring effetthe analytes from solvent to gas state
upon ionization, ESI-MS data can still monitor tiermodynamic equilibrium of non-
covalent molecular interactions in solutidAESI-MS has been utilized to investigate the
self-assembling of supramolecules through metakligbonds>® dimerization of protein
via hydrogen bon&’ and self-association of individual molecules dniv® electrostatic

forces?®in organic and aqueous solutions.
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2.3.2 Crystallography

[(tpy)Ru(tppz)PtCI|(PE)s and [CIPt(tppz)Ru(tppz)PtCI[RE were crystallized by
vapor diffusion. A solution of the sample was preplausing a good solvent in a small
vial. This small vial was then placed in a sealgpvial with a poor solvent. The sample
is more soluble in the good solvent than in thermmvent. Thus the crystal may form
when the good solvent slowly diffuse into the biglv

X-ray crystallography was performed by Prof. Ca8labodnick at the Chemistry
Department of Virginia Tech. Shengliang Zhao ackieolges her hard work to screen
multiple crystals to allow us to report the firstat mixed-metal RUPt' complexes of
[(tpy)Ru(tppz)PtCI](PB)s; and [CIPt(tppz)Ru(tppz)PtCI][RE bridged by tppz BI?*

2.3.2.1 X-Ray Diffraction of [(tpy)Ru(tppz)PtCI](PFe¢)s

Black parallelepipeds of [(tpy)Ru(tppz)PtCI]|[]% were crystallized from
toluene/CHNO,. The chosen crystal (0.09 x 0.15 x 0.25 ¥nmas centered on the
goniometer of an Oxford Diffraction Gemini diffracheter equipped with a Sapphire 3
CCD detector and operating with Makradiation. The data collection routine, unit cell
refinement, and data processing were carried otlt thie program CrysAlisPré? The
Laue symmetry and systematic absences were camtsigtd the monoclinic space group
Cc andC2/c. The centric space groufR/c was chosen. The structure was solved by
direct methods and refined using SHELXTL Rff. The asymmetric unit of the structure
comprises one crystallographically independenty)Roi(tppz)PtCI|[Pk]s salt. After
locating the [(tpy)Ru(tppz)PtCI][Rks, residual electron density in remaining void sgace
suggested the presence of disordered solvent.od&attempts were made to model or
correct for this disorder, including multi-positiosolvent disorder and running the
PLATON routine SQUEEZE" to subtract out the solvent electron density. hitost
models used, the goodness-of-fit suggested we wessfitting the data, yet the
refinement model did not improve substantially. the final refinement, the solvent was
modeled as a toluene disordered over 2 positiotisnefative occupancies of 74(2)% and

26(2)%. The phenyl ring of the toluene moleculeswestrained to fit a hexagon. The
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toluene atoms were refined isotropically; all reniag non-hydrogen atoms were refined

anisotropically and a riding model was used fohgtirogen atoms.

2.3.2.2 X-Ray Diffraction of [CIPt(tppz)Ru(tppz)PtCl](PFe)a4

Black plates of [CIPt(tppz)Ru(tppz)PtCI][ElFwere crystallized from C{CN/ELO.
The chosen crystal (0.01 x 0.11 x 0.29 fhiwas centered on the goniometer of an
Oxford Diffraction Gemini diffractometer equippedtiwa Sapphire 3 CCD detector and
operating with Moka radiation. The data collection routine, unit cgfinement, and
data processing were carried out with the progragsAlisPro?*® The Laue symmetry
and systematic absences were consistent with thechoic space group2i/c. The
structure was solved by direct methods and refinsihg SHELXTL NT>° The
asymmetric unit of the structure comprises one talggraphically independent
[CIPt(tppz)Ru(tppz)PtCI][P§, salt. After locating the [CIPt(tppz)Ru(tppz)PiClFs]4,
residual electron density in remaining void spaseggested the presence of disordered
solvent. Various attempts were made to model orecb for this disorder, including a
variety of multi-position disorder models for thiner molecule and RFRanions, as well
as running the PLATON routine SQUEEZEto subtract out the ether electron density.
Regardless of the model used, the R-values tendedhprove, but the anisotropic
displacement parameters remained unsatisfactaigsumably the small crystal size and
potential dynamic motion in the solvents andy Rimit the data quality. In the final
refinement the solvent was modeled as two;©K molecules and one & molecule
without disorder. The BED atoms were refined isotropically; all remainirgnrhydrogen
atoms were refined anisotropically and a riding eladas used for all hydrogen atoms.
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2.3.3 NMR Spectroscopy

All standard'H NMR spectra were record on JOEL 500 MHz NMR smeneter at
298 K. All the 2D spectroscopies were performedaovarian INOVA 400 MHz NMR
spectrometer at 298 K. The samples (-5 mg) wesnl#isd in the CBCN and syringe
filtered prior to placing in NMR tubes for data leaition. Chemical shifts are referenced
to TMS in CxCN.

2.3.4 Electrochemistry

Electrochemical analysis experiments are perfororethe platform of Bioanalytical
Systems (BAS) 100B workstation. A one-compartm#mge-electrode cell was used on
the measurement. The three electrodes are workegrade (Pt or glassy carbon),
reference electrode (Ag/AgCI electrode) and auxili@lectrode (Pt wire). The potential
of the reference electrode is 0.21 V vs. NHE , Wwhigas calibrated against the
FeCp/FeCp' redox couple (0.67 V vs. NHEJ* And the supporting electrolyte was 0.1
M BusNPF;.

2.3.5 Photochemistry

2.3.5.1 Electronic Absorption Spectroscopy

Electronic absorption spectra were generated ainRI1 cm quartz cuvette using a
Hewlett- Packard 8452 diode array spectrometer with nm resolution and a spectral
range of 190 to 820 nm. Extinction coefficientsreveollected in triplicate from separate
solutions prepared gravimetrically and averaged.

2.3.5.2 Emission Spectroscopy

Emission spectra were recorded at RT in deoxygdretetonitrile solutions using a
modified QuantaMaster Model QM-200-45E fluorimetesm Photon Technology Inc.
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The system was modified to use a 150 W water corétn lamp excitation source
collected at a right angle by a thermoelectricatlpled Hamamatsu 1527 photomultiplier
tube operating in photon counting mode with 0.25resolution.

The quantum efficiencyt ®", was determined vs. [Os(bpMPFs)2 ( max = 746 nm,
Fe™ = 0.004625% or [Ru(bpy}](PFs)2 ( mac™ = 605 nm,F®™ = 0.062) in absorbance
matched deoxygenated solutions by choosing theeslog.c " and the same excitation
wavelength ensure the equal amounts of photonsabserbed by the sample and
reference.

Since the photomultiplier response was not equatie whole detection region, a
correction file Figure 2.28 was used to obtain an accurate signal. All reqabspectra
are corrected for photomultipler tube (PMT) resmon3he emission spectra are
normalized for PMT response before the quantundygelculation. The quantum yields
of the complexes reported herein were correctedPidiT response and the quantum
efficiency, F ®", determined vs. [Os(bpfPFe)2 (F°™ = 0.004623*3 or [Ru(bpy}](PFs)-
(F®™=0.062) in absorbance matched deoxygenatetiGudd>* The quantum yield can

be calculated from the peak area ratio by the émuat

WhereF andF, is the quantum yield of the sample and the refeeespectively, A
and A is the area under the emission peak of the sampleederence respectively, Abs

and Abg are the absorbance of the sample and referengectesely.

59



40

30

20

Correction Factor (a.u.)

10+

0 T T T T T T T T T 1
200 400 600 800 1000 1200
Wavelength (nm)

Figure 2.28. Correction files for the Hamamatsu 1527 red saresphotomultiplier tube.

2.3.5.3 Lifetime Measurement

Laser-induced emission lifetime measurements wdrgimed on a system that
utilizes a Photon Technology Inc. PL-2300 nitrogeser equipped with a PL-201
continuously tunable dye laser (360-900 nm) exotasource (Coumarin 500, 490-540
nm). The emission was passed through a monochooraatl detected at a right angle to
the excitation by a Hamamatsu R928 photomultiplidre operating in direct analog
mode. The signal was recorded on a LeCroy 9361lastbpe (2.5 GSa/s) and the data
transferred to a computer for analysis. The samae dissolved in the deoxygenated
solvent of CHCN. The raw data from the PMT response, which isaagrage of 200
traces, was fit to a single exponential functiorth&f form Y = A + B(exp(-X/c)), where ¢
=t= 1/k (in s), after discarding the initial segmehthe data containing the laser pulse.

All emission data fit well to a single exponentigcay.
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2.3.6 DNA Gel Electrophoresis

The interactions of the metal complexes with DNArevanalyzed using puUC18
circular plasmid DNA employing agarose gel eledtraesis. Usind.ambdaDNA/Hind
lll as the molecular weight marker, the circular@l8 with or without metal complex
was loaded to the 0.8% agarose gel and run at 1®4%0 minutes, followed by staining
with ethidium bromide for 45 minutes and destainimgldHO for 30 minutes. The gels
were then illuminated with a Fisher Scientific FB38 transilluminator and
photographed using an Olympus SP-320 digital canegpaipped with an ethidium
bromide filter purchased from Peca Scientific (Bighy/I).

Concentrations of the metal complexes solutionsewbstermined by spectroscopy
using the extinction coefficients for [(tpy)Ru(tpPzCI](PR)s (. = 2.8 X 1M cm™ at

mac™®= 530 nm) and [CIPt(tppz)Ru(tppz)PtCII@H. = 3.0 X 1dM cm' at 2=

538 nm).

The concentration of DNA was calculated using thsoabance reading at 260 nm by

equation®®®
Concentration of DNA in g/mL = Absorbance @2680 g/mL (2250/15)
or
Concentration of base pairs in mot = Absorbance@2603200 M* L-1 cm* (2250/15)
This equation utilizes the fact that one absorbamnaé corresponds to a 5/mL

concentration of DNA and the absorbance maximumassumed to be 6600 (miol

! base) cm’
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Chapter 3. Identification and Characterization

3.1 Syntheses

The supramolecular complexes [(tpy)Ru(tppz)PtCI}jPF and
[CIPt(tppz)Ru(tppz)PtCI](P§s have been prepared in good yield using a buildiogk
approach with coordination of the Pt center belmg final step. The synthetic routes of
[(tpy)Ru(tppz)PtCI](PE)s and [CIPt(tppz)Ru(tppz)PtCI|(RJz are illustrated inFigures
3.29 and 3.30, respectively

The title bimetallic and trimetallic complexes, py)Ru(tppz)PtCl](PE)s and
[CIPt(tppz)Ru(tppz)PtCI](P§4, were synthesized by reacting their precursorsexicess
[Pt(DMSO)CI;] in acetonitrile under argon atmosphere. The wiesh[Pt(DMSO)CI;]
was removed by washing with ethanol and chlorofofime use of acetonitrile plays a
critical role in the syntheses of these complexss,that the reaction occurs in a
homogenous solution. As a consequence, the owaeddl of the reaction is improved
significantly.

The complexes have been identified by mass speetrgmX-ray crystallography,
and '"H NMR spectroscopy. The X-ray crystallographic geis of these complexes
confirm the structures of the [(tpy)Ru(tppz) PtCHER and
[CIPt(tppz)Ru(tppz)PtCI|(Pg, in the solid stateH NMR spectroscopies of these
complexes in solution exhibit the expected spliftrattern.

The bimetallic and trimetallic complexes are uniisnatheir coupling of RU LA
units to a Ptcenter, in which tppz coordinates to the metal @enin a -fashion as a
bis(tridentate) BL. Such supramolecular assemijies/ide a TL-LA-BL-RM (TL =
terminal ligand, LA = light absorber, BL = bridginipand, RM = reactive metal)
architecture in the bimetallic complex, [(tpy)RuipPtCI](PF)s, and a RM-BL-LA-BL-
RM architecture in the trimetallic complex, [CIRz)Ru(tppz)PtCl](P§)a.
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N N
[(tpy)RuCl5] + m
_/ \ /

tppz

[(tpy)Ru(tppz)]**
Yield: 55%

Cl DMSO CH-CN
2+ N 3
[(tpy)Rutpp2)|™ + P 0 TA

[CLL,PYDMSO),]  [(tpy)Ru(tppz)PtCl>*
Yield: 76%

Figure 3.29. Synthetic scheme of preparing the [(tpy)Ru(tppZ)PFs)s. (tpy =
2,2¢6¢2¢qerpyridine, tppz = 2,3,5,6-tetrakis(2-pyridyl)agine).

@ modified from Ref®
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Figure 3.30. Synthetic scheme of preparing the [CIPt(tppz)RuEIPECI|(PR)s. (tpy =
2,2¢6¢2¢¢erpyridine, tppz = 2,3,5,6-tetrakis(2-pyridyl)agine).

b modified from Ref’
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3.2 Characterizations

3.2.1 Mass Spectrometry

The [(tpy)Ru(tppz)PtCI](P§s and [CIPt(tppz)Ru(tppz)PtCI|(Rfa systems and their
precursors display mass spectra consistent withr tfteemulation. The observed
fragments in FAB for bimetallic and trimetallic cphexes with their precursors were
summarized infable 3.5 The details of the mass spectra with the isottipeibutions

are given inPAppendix, Figures A.1-6

3.2.1.1 FAB Mass Spectrometry

FAB-MS is typically used to measure the mass (mcharge (z) ratio of metal
complexes. Neutral molecules usually display thelf§f or [M-H] signals in FAB-MS,
and ionic compounds have characteristic patteritis @ansecutive loss of counterions in
FAB-MS.#®2"Typically, complexes of this tpye display FAB magectra characteristic
of the metal complex with loss of anions and oftenact ligands. Observed
fragmentation patterns include sequential lossooiterions and are consistent with the
compositions of the complexes.

The FAB mass spectrum of [(tpy)Ru(tppz)PtCll{RFdisplayed the molecular ion
minus Pk peak [M-PR]" at m/z = 1243. The successive loss of Rffoups leads to the
peak at 1098 and 953, corresponding to the [MsPP&nhd [M-3PF]", respectively. The
peak at 619 is due to the loss of peripheral (tp{)@ give the (tppz)BCI fragments.

Similar fragmentation of FAB mass spectrum was olese for the trimetallic
complex, [CIPt(tppz)Ru(tppz)PtCl](R)z. The displayed m/z peak at 1773 corresponds to
[M-PFg+H]", a typical process of H addition for FAB-MS duritige ionization process.
The successive loss of éf‘groups gives the peak at 1669, 1484 and 133%gmonding
to the [M-2PF]", [M-3PR]" and [M-4PF]*, respectively. The same fragments
(tppz)PYCl at 619 was also observed in [CIPt(tppz)Ru(tpf2)PPFs), as in
[(tpy)Ru(tppz)PtCI](PE)s. [(tpy)Ru(tppz)PtCI](PE)s and [CIPt(tppz)Ru(tppz)PtCl](R]a
display the similar FAB-MS fragmentationihe characteristic fragmentation patterns of

FAB-MS identify the presence of the proposed comxgde
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Table 3.5. FAB-MS data for [(tpy)Ru(tppz)](Rf,  [Ru(tppz)](PFs)2,
[(tpy)Ru(tppz)PtCI](PE)s and [CIPt(tppz)Ru(tppz)PtCl](Rfz. Observed fragmentation
patterns typically involving sequential loss of aterions and are consistent with the
compositions of the complexes (tpy = &g2¢¢erpyridine, tppz = 2,3,5,6-tetrakis(2-
pyridyl)pyrazine).

Complex m/z  Assignment  Relative Abundance (%)
[(try)Ru(tpp2)](PF): 868  [M-PR]" 44
723 [M-2PFR]* 100
[(tpy)Ru(tppz)PtCI|(PF 6)3 1243 [M-PR]* 35
1098  [M-2PK]" 100
953 [M-3PR]" 71
619 [(tppz)PtCI] 49
[Ru(tppz}](PF)2 1023 [M-PR]" 55
878 [M-2PFR]* 100
[CIPt(tppz)Ru(tppz)PtCI|(PFe)s 1773  [M-PR+H]" 13
1629  [M-2PK]" 39
1484  [M-3PR]* 29
1339  [M-4PR]" 12
619 [(tppz)PtCI] 100
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1705.6446 M*+

F TR L Y T e —" M vl

1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 2700
Counts vs. Mass-to-Charge (m/z)

Figure 3.31 ESI-MS of 1x1G M [(tpy)Ru(tppz)PtCI)(PE)s, showing the dimer (2M),
trimer (3M) and tetramer (4M) observed from £H\ solution, M represent the
monomer of the neutral complex of [(tpy)Ru(tppz)Ri€Fs)s with the molecular weight
(MW) as 1388. MW of PE is 145. No monomer [M-RF fragementation was observed

at the concentration of 1xT0M.

3.2.1.2 ESI Mass Spectrometry

ESI-MS of [(tpy)Ru(tppz)PtCl](Pgs and [CIPt(tppz)Ru(tppz)PtCI|(Rfz2 complexes
were conducted to give a better understanding enntiermolecular interactions of these
supramolecular entities in solution, motivated byission studies described below that
suggested PtPt interactions via intermolecular interactions @veccurring in solution.
The ESI-MS spectrum of [(tpy)Ru(tppz)PtCl|@¥Fobtained from a CECN solution is
given in Figure 3.31 The ESI-MS spectrum exhibits peaks for the aggeg of
[(tpy)Ru(tppz)PtCI](PE)s to form dimers, trimers and tetramers. As depidteBigure
3.32 A singly charged dimer, doubly charged trimer anply charged tetramer with
significant intensity are detected at m/z 2632,7188d 1706, respectively. The peak at
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Figure 3.32.(A) ESI mass spectrum of [(tpy)Ru(tppz)PtCl]gRFshowing the isotopic
distribution pattern of the trimer, [GHs:ClaN27PERWP/F45]°", (B) Calculated isotopic
distribution of the dimer from ChemBio Draw Ultra.Q
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2632 is the dimer with the loss of oneebﬁroup. The distance between the isotope peaks
is one dalton, so we know it is a 1+ charge. Thakp® 1937 corresponds to the trimer
with 0.5 dalton peak distance between the isota@ak® which is from the [3M-2RE*

ion of the 4164 trimer. The 1705 peak is attributedthe tetramer with a plus three
charge [3M-3PFT by losing three Pdfgroups with 0.33 dalton peak distance between
the isotope peaks. The expansions of these thralkesmre included in thAppendix,
Figure A.3-5. This datasuggests the assembly of this complex in solutikelyl via

Pt Pt interaction typical of planar 'Ppolyazine complexes.

The ESI mass spectra demonstrate the stabilities thef aggregation of
[(tpy)Ru(tppz)PtCI](PE)s molecules in solutions. A number of forces such@sd CI
hydrogen bonds, stacking and PtPt interactions can be important to the self-
association behaviors of the [(tpy)Ru(tppz)PtCI{RFmolecules in solution. The
formation of such assemblies is concentration depein At the concentration of 1x10
M, no monomer ions [M-Pf" was observed on the ESI mass spectrum. At 2>\
4x10* M and 4x10 M, the monomer [M-P§" was observed in the diluted solutions.
The intensity of these monomer signals are qualébt variable with the decreasing of
concentration of bimetallic complexAppendix, Figure A.7. This concentration
dependent assembly of bimetallic complex was furthepported by the emission
properties of this complex discussedSection 4.3.3

It is notable that the association of the molecudes disfavored by coulombic
repulsion and favored by non-covalent interactidree self-assembly of supramolecules
in organic solvent typically require the cooperatmf the multiple non-covalent forces.
This led us to measure the ESI-MS of [(tpy)Ru(tp€)](PF)s in different solvents.
Similar mass spectral fragmentation patterns qgby)Ru(tppz)PtCl|(PE)s were also
observed in the organic solvents of acetone, DMB®ORMF. Their ESI mass spectra are
provided inAppendix, Figure A.6. This implies that the intermolecular interactiare
maintained in these organic solvents. However, wheime sample of
[(tpy)Ru(tppz)PtCI|C4 is analyzed in DI KD under the same condition, no signal was
detected to show the molecular association in t8eNES. This might result from the
reduction of the intermolecular hydrogen bondingtiwe presence of water, or the

association of KD with the Pt sites preventing the ARt interactions.
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Presumably, both [(tpy)Ru(tppz)PtCI](®& and [CIPt(tppz)Ru(tppz)PtCI(RJa
should give rise to the similar intermolecular asatons in solution because the same
CIPt'(tppz)RU' unit appears in each of these molecules. Surpfisinthe similar
character of ESI-MS is not observed for [CIPt(tppz(tppz)PtCI](PE)4 although several
trials are attempted to acquire the ESI spectragiynizing the experimental conditions.
There are two possible reasons resulting in theeréiit ESI-MS for bimetallic and
trimetallic complexes. Firstly, it becomes challerggwhen ESI method is applied to the
larger supramolecular assemblies. The higher chargk higher mass of trimetallic
complex relative to bimetallic complex makes theyda trimetallic complex assemblies
less likely to survive in the plume. Secondly, thmetallic complex may not assemble as
the same way as bimetallic complex. Further exatanga of these two complexes also
demonstrate different behaviors in the packing modae solid state by comparing their

single crystal structures as will be discussedeitaidllater.
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3.2.2 NMR

'H-NMR spectroscopy is a commonly employed methodrtalyze metal complexes
in solution. The chemical shifts of the protonstilte complexes are impacted by the
electron withdrawing effects imposed by the ligaarti coordinated metal, and ring-
current effect$?> 28 The entry points to assign the NMR spectra aréopmthat have
distinctive features (chemical shift, integrationsupling pattern or coupling constants).
Referring the spectra of the known compounds ipfaklto resolve the complicated
systems.

In comparison to the known systems, [Ru(Bf{iPFs)2 [(bpypRuClh],
[Ru(tpyk](PFs)2, [Ru(tppz}](PFs)2, bpy, tpy, and tppz, the assignments of
[(tpy)Ru(tppz)](PR)2, [(tpy)Ru(tppz)PtCI](PE)s, [CIPt(tppz)Ru(tppz)PtCI)(Pf. were
confirmed based on the coupling constartts;’"H correlation spectroscopy*H-'H
COSY), nuclear overhauser effect spectroscopy (NQES&nd ***Pt'H heteronuclear
multiple bond coherence (HMQC) spectroscopy. Alltké chemical shifts and their
coupling constants are summarizedTeble 3.6, 3.8 some of the reported values in
literature are provided in thEable 3.7 The numbering scheme used for the assignments
of the protons is given ifigure 3.33 The NMR spectra of these complexes as well as
the free ligands of tpy and tppz are givenFigure 3.34 The 2D COSY spectra of

[Ru(tppz}](PFe)2, [(tpy)Ru(tppz)](Pk)2, [(tpy)Ru(tppz) PtCI](PE)s and
[CIPt(tppz)Ru(tppz)PtCIl](P&4 were attached in th&ppendix, Figures A.8-11
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Figure 3.33.The numbering scheme used for labeling proton@yRu(tppz)](PF).,

[Ru(tppz}](PFe)2, [(tpy)Ru(tppz)PtCI)(PE)s, and [CIPt(tppz)Ru(tppz)PtCI](R)a (tpy =
2,2:6,2 -terpyridine, tppz = 2,3,5,6-tetrakis(2-pyridyl)pyine).
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Figure 3.34.500 MHz 1H-NMR spectra of tpy (1), tppz (I), [Ru(tpy(PFs)2 (ll1),
[(tpy)Ru(tppz)](PR)2 (IV), [Ru(tppzkl(PFe)2 (V), [(tpy)Ru(tppz)PtCl](PE)s (VI) and
[CIPt(tppz)Ru(tppz)PtCI])(P&4 (VII) in CD3CN at 298 K




Table 3.6.500 MHz'H-NMR chemical shifts of [(tpy)Ru(tppz)](Rfz, [Ru(tppz}](PFe)2.
[(tpy)Ru(tppz)PtCI](PE)s and [CIPt(tppz)Ru(tppz)PtCl](RJain CDsCN at 298K (tpy =
2,2¢6¢2¢4qerpyridine, tppz = 2,3,5,6-tetrakis(2-pyridyl)agine).

_ H position  [(tpy)Ru(tppz)}’ [Ru(tppzp™  [(tpy)Ru(tppz)PtClf"  [CIPt(tppz)Ru(tppz)PtG]*
Ring on the ring (ppm) @ in HZz) (ppm) @ in HZz) (ppm) @ in Hz) (ppm) @ in HZz)

A 3 8.80 (8.5) 8.87 (8.5)

4 8.50 (8.3) 8.63 (7.8)

3 8.53 (8.0) 8.56 (7.5)

4 7.97 (8.0, 6.8, 1.2) 7.99 (7.8, 6.3, 1.5)
8 5 7.24 (7.5, 6.0, 1.0) 7.44 (7.8, 6.8, 1.5)

6 7.59 (6.0, 1.0) 7.66 (6.3, 1.0)

3 8.36 (7.5, 1.8) 8.38 (8.0) 8.86 (8.5) 8.90 (8.5)

4 8.24(8.0,6.5,1.7) 8.27(8.4,6.9,14) 8.01,8.8,1.3) 8.06 (8.5)
C 5 7.74(7.8,6.8,1.7) 7.78 (7.8, 2.0) 7.17 (7.8, 6.3) 7.50 rt)

6 8.73 (5.0, 2.0) 8.76 (5.0) 7.48 (6.2, 1.0) 7.BBY

3 7.51 (8.0, 1.0) 7.63 (7.5) 8.74 (8.0, 1.0) 8.7D)8.
5 4 7.60 (8.0, 6.0, 1.8) 7.66 (8.0) 8.43 (8.0, 6.3)1.7 8.48 (7.8)

5 7.13(7.8,6.3, 1.5) 7.22 (6.0) 8.11(7.8,5.0)1.3 8.18 (6.5)

6 7.40 (5.5, 1.5) 7.67 (5.0) 9.45 (5.5, 1.5) 9.56)5.

br': broad at RTJ=6.6 Hz at 60C in 400 MHz.
br% broad at RTJ)=5.6 Hz at 60°C in 400 MHz.
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Table 3.7.Literature reportedH-NMR chemical shifts of tpy, [Ru(tpyf”, tppz, and
[Ru(tppz)](PFe)2 (tpy = 2,26¢2¢ ¢terpyridine, tppz = 2,3,5,6-tetrakis(2-

pyridyl)pyrazine).
Ring H POSition tpy [Rutpy)l” tppz [Ru(tppz)]**
on the ring (ppm)>® (ppm)*P (ppm)° (ppm)°
A 3 8.46 8.76
4 7.96 8.42
3 8.62 8.50
4 7.86 7.42
B 5 7.33 7.17
6 8.70 7.34
3 8.58
. 4 8.35
5 7.83
6 8.81
3 8.05 7.89
4 7.80 7.88
D 5 7.23 7.41
6 8.38 8.12

|n CDClk, Ref?®®
®In CDsCN, Ref?®

°In de.acetoneRef*®
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Table 3.8.500 MHz'H-NMR chemical shifts () and coupling constant3J} of tridentate
free ligand tpy, tppz and [Ru(tpyPFs)2, which are comparable to the literature reported

valueg?®
ni H position tpy tppz [Ru(tpy)]™
Ing .
on the ring (ppm) (ppm) (ppm)

A 3 8.45 (8.0) 8.74 (7.5)
4 8.00 (8.0) 8.41 (8.0)
3 8.63 (8.0) 8.01 (8.0) 8.49 (8.0)

. 4 7.93 (8.0) 7.93 (8.0) 7.91 (8.0)
5 7.40 (5.0) 7.32 (5.0) 7.16 (6.0)
6 8.68 (5.0) 8.26 (5.0) 7.34 (5.0)
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3.2.2.1 Ring Current and Geometry

The ring current effects on protons within an addgnarising from polycyclic
aromatic systems are highly dependent on moleggdametry?**?*!In this sub-section,
we discuss the ring current effect in relationhte molecular geometry by comparing the
'H-NMR spectra between [Ru(tp}(PFs). and [Ru(tppz)(PFs).. The structures of these
complexes are illustrated Figure 3.35 and‘H-NMR spectra of these complexes as well
as the free ligands tpy and tppz are provideEigure 3.36 of H°B in [Ru(tpy)y](PFs)2
exhibited upfield shift upon complexation, which astributed to ring current effect.
However, the ring current effect is not appreciaiadthe *H-NMR spectrum of

[Ru(tppz)](PFe). for the HC protons which are also located over the pyraditge

[Ru(tpy)]** [Ru(tppzy]**
Figure 3.35. The structures of [Ru(tpy(PFs). and [Ru(tppz)](PFs).. The blue arrow
pointed KB in [Ru(tpy)](PFs). displays upfield shift relative to the free liganfitpy,

while the blue arrow pointed®8 in [Ru(tppz)](PFs)- exhibits downfield shift compared
to the free ligand of tppz.
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Figure 3.36. 500 MHz 'H-NMR spectra of tpy, tppz, [Ru(tpyjPFs). and
[Ru(tppz)](PFs)2, in CDsCN at 298 K in CRCN, (tpy = 2,Z6¢2¢Cterpyridine, tppz =
2,3,5,6-tetrakis(2-pyridyl)pyrazine).
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The identification of the P protons in the complexes of [Ru(tplPFs). and
[Ru(tppz)}](PFs)2 can be accomplished by examining the distinct dagptonstants on
the H, H*, H® and H positions.

Coupling constant), is the frequency difference in Hz between the ponents
peaks.J value is proportional to the intensity of the clig and independent of the
external field. As we know, spins of protons arepded through the intervening bonding
electrons in the molecule. Spin coupling will cadlse splitting of the NMR spectrum.
The multiplicity of the spectrum follow the generfarmula 2nl +1 in the first order
multiplet system (n being the neighboring nuclemier, 1 being the quantum spin
number, for proton, 1=1/2). Therefore, given théormation of thel and , the different
nuclei can be identified in the molecule. In adxitithe enhancement of peak intensity
from the coupled nuclei can further facilitate gssignments.

Our assignments of thtH-NMR spectrum on [Ru(tpy)PFs)., Figure 3.36 are
consistent with the literature reported d&fa®® 2**Firstly, The HA lying on the mirror
plane of the complexes can be assigned without gurtipias its integral is half of the
other aromatic protons. Then théAHcan be easily tracked from tHel-'H COSY
spectrum. Secondly, with the help of the charagtiercoupling constants, the sequence
of the protons on each rings can be accomplishe®ifog B. HB & H*B, and HB &
HPB in [Ru(tpy)](PFs). demonstrate the characteristic splitting coupliith the distinct
3J as 8.0 and 6.0 Hz respectiveRgble 3.8 The chemical shifts of such assignments
reflect the nature of the configuration of the cdéemp The two terpyridines in
[Ru(tpyk](PFs). are perpendicular to each other, the sixth prdbdne arrow pointed
proton,Figure 3.35 in the peripheral pyridyl rings resides above dhematic ring of the
adjacent ligand, resulting in the upfield shift doehe ring current effect. The change of
the chemical shift of PB between tpy and [Ru(tpafPFs)- is opposite to the change of
chemical shift between tpy and [(tpy)PtCl]@PEFigure 1.17).

In the same way, the full assignments of tReNMR of [Ru(tppz}](PFs)., Figure
3.36 can be achieved byH-'H COSY spectrum and the typical coupling constémits
each protons. Briefly, protons belonging to the ptaxed and uncomplexed pyridyl rings
are grouped into two sets by usitig'H COSY @ppendix, A.8). The sequence of the
protons is assigned by analyzing their distincteeipling constants]. The doublet at
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8.76 ¢J = 5.0 Hz) represents the protons on ti€ Which is coupled to the8. All of
the protons of ring C present in the lower fieldarththe protons of ring D in
[Ru(tppz)](PFs)2 due to the influence of the metal-ligand bond (@tet withdrawing
effects). The PC of [Ru(tppz)](PFs). displays downfield shift relative to the tppz lighn
The assignments on [Ru(tppiflPFs).in CDsCN is comparable to the literature reported
values®

In a comparison of the spectra between [Ruflf®¥s). and [Ru(tppz)(PFe)2, the
HC in [Ru(tppz)](PFs)2 (blue arrow pointed hydrogefigure 3.35 is also exposed to
the aromatic pyrazine ring, theof H°C doesn’t exhibit the upfield shifts as observed in
[Ru(tpy)k](PFs)2 owing to the ring current. Presumably, it is dughte deshielding effect
from the uncomplexed Ring D, chelation effect upomplexation to Ru, and electron
withdrawing effect from the uncoordinated lone p&ir in pyrazine ring. These
combinational effects outweigh the ring curreneeff

If the H° protons display different chemical shifts in [Ry(k](PFs). and
[Ru(tppz)](PFe)2, it will be a dilemma to assign théH-NMR spectrum of
[(tpy)Ru(tppz)](Pk)., which contain the (tpy)Rucomponent and (tppz)Rwomponent
from half of [Ru(tpy}](PFs)2 and half of [Ru(tppz)(PFs).. The issue is how to
distinguish Ring B and Ring C in [(tpy)Ru(tppz)|@F
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3.2.2.2'H-H NOESY

Nuclear Overhauser Effect Spectroscopy (NOESY)very useful tool to study the
conformation of molecules. The Nuclear OverhaudécE (NOE) is used to study the
dipolar coupling interactions throughout space. ifhensity of the NOE decreases as the
inverse of the sixth power of the distance betwiennuclei (like protons). A signal can
be detected by NOESY if the two protons' distarsckess than 5A through space. Here
NOESY can be used to distinguish the Ring B and [{tpy)Ru(tppz)](PE)2. molecule.

The synthesis and study of [(tpy)Ru(tppz)]{RFhas been reported by Abruffa,
Thummef® and Brewer® group. The characterization and study of
[(tpy)Ru(tppz)](Pk). are based on the MS, electrochemical and phosipddyproperties.
To date, there is no direct evidence to confirmdtnacture of [(tpy)Ru(tppz)](R with
respect to the variable binding modes of tp3z.

3.2.2.3'"H-NMR Assignment of [(tpy)Ru(tppz)](PFe):

The well resolvedH-NMR spectrum of [(tpy)Ru(tppz)](RJ reveals fourteen non-
equivalent proton resonances in accord with theemar formuld(tpy)Ru(tppz)](Pk)2
as shown inFigure 3.37, the enlarged spectrum is given kgure 3.38 With the
background to assign [Ru(tpl(PFs). and [Ru(tppz)(PFs)2, the 14 non-equivalent
protons in [(tpy)Ru(tppz)](P§- can be separated as four groups by usihgH COSY
(Appendix, A.9). The HA is unique and can be assigned as it is half tmaber of
protons as the other aromatic protons. Then theeddn be easily tracked from thid-'H
COSY spectrum. The sequence of the protons on magltan be accomplished for the
other three unidentified Ring B, C and D by examgntheir characteristic coupling
constants. The signals of the uncoordinated Ringrédexpected to be upfield with the
similar resonance pattern as in [Ru(tpii®Fs).. Finally, the distinction between Ring B
and Ring C was carried out by the NOESY experiméftie'H-'H NOESY spectrum of
[(tpy)Ru(tppz)](Pk)2 is given in Figure 3.39 As expected, the NOESY spectrum
displays two crossing peaks from*Hand H®. Since Ring A has been assigned,
proceeding BB by using'H-'H COSY again, the protons on Ring B can be fully
assigned based on their correlations.
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Examining the assigned spectrum on [(tpy)Ru(tpPBf., Figure 3.37, it is notable
that the values of the [(tpy)Rl] moiety in [(tpy)Ru(tppz)](PE)- follow the same
pattern observed for the [Ru(tp)y)’, such resonance coupling is in agreement withrothe
similar systems in literaturé® 2** As one can see, however, the signals o kh the
(tppz)RU component present to much lower field compared £8;Hhis dramatic
difference might be due to the deshielding effectrf the rotational Ring D on % as
we observed in [Ru(tppg)PFe)2. %%

In comparison of the of HB in [Ru(tpyy]** ( nes = 7.34) and [(tpy)Ru(tppz)]1(R)

( wes = 7.50), Substitution of tpy with tppz in [Ru(tpl)” makes the of H°B undergo
downfield shift due to the electron withdrawingeeff from the component of (tppz)Ru
over the part of (tpy)RU On the other hand, the signal ofGHin [(tpy)Ru(tppz)](PE)2

( wes = 7.73) slightly shifts to upfield in relative the H'C in [Ru(tppz)]** ( nes = 8.76).

The cause of these behaviors is inherent in thégroation of the complex.

82



3A

3A

6C

3B4A 3C 4C 4B 5C

6C 3D 5D
5C
e I 1 I I ’r'“w'\-— I 1 | ‘WOTH IM~~M
5 8.0 7.5

Figure 3.37.500 MHz'H-NMR spectra of [Ru(tpy}(PFs)-, [(tpy)Ru(tppz)](Pk). and
[Ru(tppz)](PFs)2, in CDsCN at 298 K in CRCN, (tpy = 2,Z26¢2¢Cterpyridine, tppz =
2,3,5,6-tetrakis(2-pyridyl)pyrazine).
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3.2.2.4'H-NMR Assignment of [(tpy)Ru(tppz)PtCl](PFe),

In presence of the free flipping of the uncomplepgddyl rings in [Ru(tppz)(PFs)2
and [(tpy)Ru(tppz)](P§)2), ring current effect can’t be applied to the gsmient of the
protons on the adjacent coordinated rings. Sim#deguments can be induced to
rationalize the assignments on tHé-NMR spectra of [(tpy)Ru(tppz)PtCI](Rfz and
[CIPt(tppz)Ru(tppz) PtCI](P§..

The’H NMR spectrum of [(tpy)Ru(tppz)PtCI](R)f in CD:CN at room temperature,
Figure 3.4Q agrees well with that predicted from its solidts structure and displays 14
non-equivalent proton resonances. Correlation ef gtructure of a complex with its
spectrum is much easier than resolving and inténgréhe spectra in such a complicated
system.

The assignments of thtH NMR spectrum of [(tpy)Ru(tppz)PtCl](R can be
accomplished by the comparison to the assignétl NMR spectrum of
[(tpy)Ru(tppz)](Pk).. The HA proton in [(tpy)Ru(tppz)PtCl](P§s is distinct and
appears as a virtual triplet at8.63 with half the integral intensity of the oth@otons.
Upon assignment of 14, the doublet at 8.87 can be easily assigned tAHiIsing H-'H
COSY (Appendix, A.10). The distinction between protons of rings B and/& achieved
using NOESY, while the assignments of the setsratiops on each individual ring were
achieved using 'H-'H COSY. For example, the NOESY spectrum of
[(tpy)Ru(tppz)PtCI](PE); indicated through space interactions betweéd Hnd the
doublet at 8.56 attributed to B, Figure 3.39 The rest of the protons of ring B were
identified based on this interaction atd-'H COSY correlations. The resonances at
7.99, 7.44, and 7.66 display the expected splitfiagtern for HB, H°B, and HB,
respectively. The individual assignments of the y)Y®' component of
[(tpy)Ru(tppz)PtCI|(PB)s, are comparable with those of the (tpyJReomponent of
[(tpy)Ru(tppz)](Pk). and [Ru(tpy)]?*?*° The H protons of rings C and D in
[(tpy)Ru(tppz)](Pk)., appear as doublet of doublets, witfOHshifted downfield ( 8.73)
relative to HD ( 7.40), consistent with the electron withdrawinfeef imposed by Ru
on ring C. The significant downfield shift of°8 ( 8.73) relative to B ( 7.59) in
[(tpy)Ru(tppz)](PK)2, may be a combination effect of the coordinatidémileg C to Ru
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pyridyl)pyrazine).
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and its attachment to the pyrazine ring of tppi#tiah the H'C resonance to low field.
Coordination of a Pt center to ring D in [(tpy)Ryfz)PtCl](Pk)s, leads to a significant
downfield shift in HD ( 9.45). Using'H-'H COSY, the resonances aB.74, 8.43, and
8.11 were assigned to’B, H*D, and HD, respectively, consistent with Pt coordination.
H®D, HD, and HD of [(tpy)Ru(tppz)PtCl](PBsoccur significantly downfield relative to
the corresponding protons of [(tpy)Ru(tppz)]§RFBYy contrast, the upfield shift of%a
in [(tpy)Ru(tppz)PtCI|(PE)s ( 7.48) relative to [(tpy)Ru(tppz)](R)z ( 8.73) is due to
pronounced shielding of 98¢ when ring D is complexed to Pt in
[(tpy)Ru(tppz)PtCI|(PE); relative to the free tppz of [(tpy)Ru(tppz)]@F This
shielding is imposed by ring current effects &€ Hes directly above the cloud of ring
Ain [(tpy)Ru(tppz)PtCI](PE)s. The remaining resonances a8.86, 8.01, and 7.17 were
assigned to BC, H'C,and HC of [(tpy)Ru(tppz)PtCI](P§); using*H-'H COSY. The
NOESY spectrum of [(tpy)Ru(tppz)PtCI](B)E revealed the through space interactions
between K° and HP, consistent with our assignments.

Comparison of the of H°C on [(tpy)Ru(tppz)](P§2 ( vc = 8.73 ppm) and
[(tpy)Ru(tppz)PtCI(PB)s ( wc = 7.48 ppm), in which the of H°C appear in the
downfield and upfield with a separation up to 1gfBn. Such unpredicted assignments
must be established by compelling eviderié®t"H HMQC experiment was carried out
to confirm our assignments at the suggestion of. Ptarry C. Dorn.

Heteronuclear Multiple Quantum Coherence (HMQC) eskpents established
correlation between protons and other atoms wittleau spin, such asC, **N or '*°pt.
19pt atom has ¥ nuclear spin with 33.8% abundanoatimre. The relative sensitivity of
19pt-NMR is 0.00994 vs. 1.0 fdH. Recently, a number ¢f°Pt-NMR topics have been
reviewed®**?*® In our study, all the (Pt) values were referenced to potassium
tetrachloroplatinate (I) (BPtCL) ( (Pt) = -1613 ppm in BD at 600 MHz), as depicted
on Figure 3.41
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Figure 3.41. 600 MHz '*Pt-NMR spectra of [(tpy)Ru(tppz)PtCII(RE (A),
[CIPt(tppz)Ru(tppz)PtCI|(P&4 (B) in CDsCN and reference compound,Cl, in D,O
(©).

89



In Figure 3.41 A Pt resonance in [(tpy)Ru(tppz)PtCI](®Fwas observed at -2579
ppm, characteristic of N3 coordination sphere f5t.8°2*" When the tpy is replaced by
CIPt'(tppz) in [(tpy)Ru(tppz)PtCl](P§; to give [CIPt(tppz)Ru(tppz)PtCl](R)s, **Pt
resonance in [CIPt(tppz)Ru(tppz)PtCl|@fwas observed at -2500 ppiidure 3.41 B,
downfield shift 79 ppm compared to [(tpy)Ru(tppORtPFs)s, characteristic of electron
withdrawing effect from the Pt coordination. Simifd"Pt resonances were observed in
the RU,Pt' bidentate system at aroung = -2200 ppm (600 MHz, C&TN, RT) for the
complexes with the form [(TL)RuCl(dpp)Ptf{iPFs), where TL = 2,262 -terpyridine,

4 -(4-methylphenyl)-2,26 2 -terpyridine or 4,44 -tri-tert-butyl-terpyridine and dpp =
2,3-bis(2-pyridyl)pyraziné*® Comparable'®Pt resonances were also reported in the
RU',Pt' tridentate system ap; = -2701 ppm (300 MHz, MeOH, RT) for the terpyridyl
Pt' complex: [(tpy)Ru(dtdeg)PtCl] (tpy=2,2:6 ,2 -terpyridine, dtdeg=bis[42,2:6,2 -
terpyridyl)]-diethyleneglycol ethef¥.
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Figure 3.42.600 MHz**Pt-*H HMQC spectrum of [(tpy)Ru(tppz)PtCl](R&in CD:CN

A cross signal was exhibited in th&Pt"H HMQC spectrum arising from the Pt and
H®D coupling Figure 3.42. The Pt-H coupling results in slightly broadeniafythe
signal of HC in 'H-NMR, and the jagged edges are evidence of tisatetlites owing to
the long-range coupling. Theof H°C is observed at the lowest field£ 9.45 ppm) due
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to the electron withdrawing effect of the coordewatchloride. With the confirmation on
Ring D, the assignments of Ring C were straightfsdvwith the help of théH-H
NOESY correlation antH-'H COSY.

In comparison to th&H-NMR spectra on [Ru(tpy)PFe)2, [(tpy)Ru(tppz)](Pk), and
[(tpy)Ru(tppz)PtCI|(PB)s, The of H°B from (tpy)RU' unit is always shown in the
higher field than the of H®B, attributing to the ring current effect offB{ While the ring
current effect on the % in RU'(tppz) units is dependent on the coordination
configurations. The of H°C was influenced by the ring current effect in
[(tpy)Ru(tppz)PtCI|(PE)s, but not in [(tpy)Ru(tppz)](PF2 and [Ru(tppz)(PFs). as the
bridging mode of binding is needed to fix ring Dsipace.

3.2.2.5'"H NMR Assignment of [CIPt(tppz)Ru(tppz) PtCI](PFe)4

The™H NMR spectrum of [CIPt(tppz)Ru(tppz)PtCl](PFrevealed eight resonances
consistent with its structure. The NMR spectrum[©@IPt(tppz)Ru(tppz)PtCI|(P&, is
simplified relative to [(tpy)Ru(tppz)PtCI](R}z due to the presence of only tppz protons.
Based on the identification of the’ Hrotons by NOESYRigure 3. 39(C)), the sequence
of the protons on ring C and D can be easily agsigAt room temperature in GON,
the '"H NMR spectrum of [CIPt(tppz)Ru(tppz)PtCI|(BF reveals resonances due to
protons of rings C and D that are quite comparab[é&py)Ru(tppz)PtCI](PE)s. The HC
are upfield shift arising from the ring currentexft as expected. A unique feature in the
'H NMR spectrum of [CIPt(tppz)Ru(tppz)PtCl](PFsthe broadening of the resonances
at 7.85 and 7.50 of protons®Hand HC, respectively. As illustrated iRigures 3.43
variable temperaturéH NMR spectroscopy in CITN at -20°C reveal two individual
resonances for ¥ and HS, reflective of slow exchange at -2C. By contrast, théH
NMR spectrum of [CIPt(tppz)Ru(tppz)PtCI](Pk at 60°C show sharp resonances with
the expected splitting pattern for"Hand H® consistent with rapid exchange at this
temperature. Surprisingly, the split peaks displ&;1 integration ratio, which means that
there are at least two conformations with differenergy in the tri-metallic complex

which are present in a 2:1 ratio.
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Figure 3.43. Selected region of the 400 MHZH NMR spectrum of
[CIPt(tppz)Ru(tppz)PtCI](P§s in CDsCN at -20, RT and 60 °C showing slow exchange

(A), coalescent (B) and rapid exchange (C) regimes.

For a situation in fast exchange, the observed a®rshift is the average of the

individual species chemical shift§

obs=T1 1+ f2 2
fi+f=1

Where f and § are the mole fraction of each species, andnd , are the chemical
shift of each species. FroRigure 3.43 (l), the 2:1 integration ratio corresponds to the
population of the species in the two energy stathe.calculated chemical shifts foPEl
and HC are 7.88 and 7.46 ppm, which are very close ¢oothserved values, 7.85 and
7.47 ppm inFigure 3.43 (Ill). The rationalization of the two separate formstloé

complex as well as the 2:1 ratio of these will BEdssed irSection 3.2.5
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3.2.2.6 Summary

A combination of NMR techniques is demonstratedutty assign the spectra of the
class of tpy and tppz RPt' mixed-metallic complexes. The assignments of the
resonances on [(tpy)Ru(tpp2)1 (&5 [(tpy)Ru(tppz)PtCI|(PE)3, and
[CIPt(tppz)Ru(tppz)PtCl]|(P4, were confirmed by the direct evidence from HBNMR
and 1*Pt-NMR, 2D *H-'H COSY, *H-'H NOESY and**Pt'H HMQC, and variable
temperature dynamic NMR techniques. Precautionst rbestaken in assigningH
resonances in systems with significant ring curedfécts on the NMR spectra despite
the apparent simplicity of thtH-NMR spectra. The molecular conformation, chelatio
effect, electron withdrawing effect should also taen into account when making
assignments. The results and information gained ban be applied for the assignments
of the’H NMR spectra of such tridentate complexes withssitited tpy/tppz ligands.
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3.2.3 Crystallography

The use of tppz as a bridging ligand has been aigumg synthetic approach to
construct supramolecular building blocks due ta¥pptructure versatility.

3.2.3.1 Crystal Structure Determination

After numerous trials, the single crystals of [{Ru(tppz)PtCI](PE)s; and
[CIPt(tppz)Ru(tppz)PtCI][P§, suitable for X-ray crystallography were succedgful
obtained (Special thanks are given to our X-raystajographer: Dr. Carla Slebodnick,
for her patient and professional assistance to mmelgolve the structures of the bimetallic
and trimetallic complexes, [(tpy)Ru(tppz)PtCI @ and
[CIPt(tppz)Ru(tppz)PtCI|[P§.). The experimental crystallographic data and setec
bond lengths and angles for [(tpy)Ru(tppz)PtCIHRF and
[CIPt(tppz)Ru(tppz)PtCI|[P§+ are given inTables 3.9, 3.10 and 3.1l1and the
perspective views are illustratedrigure 3.44

In each structure, Patoms displaying a distorted square planar gegmatd RU
centers display distorted octahedral geometry. ddwdinated tppz adopted the saddle-
like configurations to relieve the steric repulsiarising from the B positions on
neighboring rings. The four pyridine rings are iteaating trans positions from the
pyrazine plane. Such binding mode causes a sulatdigtortion on the pyrazine rings
with the torsion angle in the pyrazine ring rangingm -14.24° to 21.60°. The X-ray
structures of these two complexes reveal somenmieicular interactions, such as C-
H Cl hydrogen bonds, C-H , interactions and PtPt interactions.

X-ray analyses reveal a racemic mixture of polyrherpvith heterochiral packing
fashion in the crystal lattice for both [(tpy)Ryg®PtCIl|(PF)s and
[CIPt(tppz)Ru(tppz)PtCI][P§4. The M (like the nomenclature of S o) and P (like the
nomenclature of or R) descriptors are used to address the clyirafitthe skew-line

convention arising from the translation and rotaiio the moleculesrigure 1. 25°%
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Figure 3.44. The 50% thermal ellipsoid representations of thetiona
[(tpy)Ru(tppz)PtCl}* (top) and [CIPt(tppz)Ru(tppz)PtCl] (bottom) (tpy = 2,2":6',2"-
terpyridine, tppz = 2,3,5,6-tetrakis(2-pyridyl)pgnae), the counterions, solvents and

hydrogens are omitted for clarity.
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Table 3.9.Crystallographic data collection and structurenefinent parameters for
[(tpy)Ru(tppz)PtCI](PE)s and [CIPt(tppz)Ru(tppz)PtCl](R)a

Identification code [(tpy)Ru(tppz)PtCI]|(PE)3 [CIPt(tppz)Ru(tppz) PtCI|[P&-2CH;CN-ELO

Empirical formula [GgHzﬂ'NgPtRU][PE]g'C7H3 C56H48C|2F24 N14OP4Pt2RU

Formula weight 1480.35 2075.11
Space group C2/c P2;/c

a (A) 16.4811(3) 12.4793(2)
b (A) 31.2657(7) 24.3668(5)
c (A) 19.9039(3) 22.5775(4)
a(°) 90 90

b (°) 94.364(2) 103.4360(10)
ag(®) 90 90

Volume (&%) 10226.6(3) 6677.5(2)
Z 8 4
Temperature (K) 100(2) 100(2)
Density (calcd.,

Mgimd) 1.923 2.064
Wavelength (A) 0.71073 0.71073
Absorption

N 3.286 4.700
coefficient (mn)

Final R indices R1 =0.0432, wR2 =0.1282 R1 =09)&vR2 = 0.1111

R indices (all data) R1 =0.0596, wR2 =0.1384 RAL.GO55, wR2 = 0.1268
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Table 3.10.Selected bond length (A) and angles (deg) for J@oytppz)PtCI](PE)s.

Pt(1)-N(7)
Pt(1)-N(8)
Pt(1)-N(9)
Pt(1)-CI(1)
Ru(2)-N(1)
Ru(2)-N(2)
Ru(2)-N(3)
Ru(2)-N(4)
Ru(2)-N(5)

Ru(2)-N(6)

2.012(6)
1.947(6)
1.999(6)
2.2971(19)
2.066(6)
1.989(6)

2.084(6)

2.066(5)
1.951(6)

2.050(5)

N(2)-Ru(2)-N(1)
N(5)-Ru(2)-N(6)
N(8)-Pt(1)-N(9)
N(8)-Pt(1)-CI(1)
C(19)-C(20)-C(21)-C(22)
C(20)-C(21)-C(22)-C(23)
C(21)-C(22)-C(23)-C(24)
C(31)-C(32)-C(33)-C(34)
C(32)-C(33)-C(34)-C(35)

C(33)-C(34)-C(35)-C(36)

78.5(2)
80.3(2)
81.5(2)
179.58(17)
18.1(11
21.2(12

17.0(11

19.7(11
20.7(12

14.4(11
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Table 3.11.Selected bond length (A) and angles (deg) for [@Ptz)Ru(tppz)PtCIl](P§a.

Pt(1)-N(1)
Pt(1)-N(3)

Pt(1)-N(4)

Pt(1)-CI(1)
Pt(2)-N(8)
Pt(2)-N(12)

Pt(2)-N(11)
Pt(2)-CI(2)
Ru(1)-N(2)

Ru(1)-N(5)
Ru(1)-N(6)

Ru(1)-N(7)
Ru(1)-N(9)
Ru(1)-N(10)
N(2)-Ru(1)-N(7)
N(2)-Ru(1)-N(5)

N(7)-Ru(1)-N(9)

1.923(8)
1.982(8)

1.999(9)

2.291(2)
1.928(7)
1.987(9)

2.006(10)
2.294(2)
1.982(8)

2.072(8)
2.086(8)

1.986(8)
2.070(8)
2.083(7)
178.9(3)
78.9(3)

78.7(3)

N(1)-Pt(1)-CI(1)
N(1)-Pt(1)-N(3)

N(5)-Ru(1)-N(6)

N(8)-Pt(2)-N(12)
N(8)-Pt(2)-CI(2)
N(9)-Ru(1)-N(10)

C(2)-C(1)-C(9)-C(8)
C(9)-C(1)-C(2)-C(15)
C(1)-C(2)-C(15)-C(16)

C(2)-C(15)-C(16)-C(17)
C(3)-C(4)-C(20)-C(21)

C(4)-C(3)-C(14)-C(13)
C(14)-C(3)-C(4)-C(20)

C(25)-C(26)-C(39)-C(40)
C(26)-C(25)-C(33)-C(32)
C(28)-C(44)-C(45)-C(46)
C(28)-C(27)-C(38)-C(37)

C(33)-C(25)-C(26)-C(39)

177.4(2)
82.0(3)

157.2(3)

81.4(3)
179.7(3)
158.0(3)

22.4(17)
27.1(17)
11.8(16)

173.9(10)
19.8(16)

7.2(16)
30.6(17)
148)1
8(17)
17®)
2616)
23.9(17)
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The bimetallic complex, [(tpy)Ru(tppz)PtCI|(PE; crystallizes in the chiral £&
space group. A discrete pair of enantiomé&igre 3.45, A & B) is stacked in a head to
tail fashion in the solid state structure, in whibk two Pt centers of the two independent
molecules in the unit cell have a Pt distance of 3.3218(5) A, indicating a weak Pt
interaction. As depicted iRigure 3.45 D such packing pattern is stabilized by the two
C-H Clinteractions, which are separated by a typigsthdce of 2.670 A, enhancing the

stacking from the pyrazine planes. These paira@mic motifs propagate into two
dimensional grids via the offset face-to-face addeeto-face interactions Figure
3.45 B. Such packing mode resembles the analogous [M][fpycomplexes with
orthogonal heteroaromatic ligand plaf#s.

The trimetallic complex, [CIPt(tppz)Ru(tppz)PtCIRg,, crystallizes in a chiral RZ
space group. Analysis of the crystal packing ofPiCGbpz)Ru(tppz)PtCl]|(Pd, reveals
that the molecules are arranged in different paster compared to
[(tpy)Ru(tppz)PtCI](PE)s. In the solid structure of [CIPt(tppz)Ru(tppz)R(EFe)a,
Figure 3.46 A & B, the tppz skeletons clearly adopt the saddle-likefarmnations with
the four pyridine units pointing up and down alegrng with respect to the mean plane of
the pyrazine ring. This results in a pair of enamiers, denoted as M-M and P-P. The unit
cell carries two pairs of enantiomers of M-N?-P via C-H interactions (2.543 and
3.003 A),Figure 3.46 C & D. These two species are arranged in an alternatimgenan
the supramolecular architecture. The short C&l interactions (2.744 A and 2.771 A)
direct the self-assembly along a continuous oneedsional chain, enhanced by

interactions from the peripheral pyridine ringgure 3.46 E
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C: Racemic M P dimer

D: Intermolecular interactions in one p
of enantiomers via PtPt interactior
(3.322 A) enhanced by the Kg- Cl
hydrogen bonds (2.670 A).

E: Stacking of the two pairs
enantiomers via face-to-face and edge-to-

face interactions.

Figure 3.45. lllustration of the pairwise assembly of [(tpy)Rugz)PtCIf* motif
comprises racemic dimer (MP). The intermolecular interaction via FRt and C-H ClI

to form two paired dimers via face-to-face and etigéace stacking.
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P-P

M-M

C. Racemic dimer: M-M P-P

D: Intermolecular interactions in o
pair of enantiomers via C-H

interactions.

E: Assembly of a continueous
chain via C-H CI hydrogen bond
and stacking with a PtPt
distance of 4.699

Figure 3.46. Representation of the crystal structure of [CIRE)Ru(tppz)PtCH".
Racemic conformations of the trimetallic complex;MA(A) and P-P (B) form the

racemic dimer (C) via C-H
H Clinteractions (E).

interactions (D), and the extension of the 1D chaa C-
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In summary, X-ray crystallographic data of the twammplexes confirm the identity of
the metal complexes. In the tpy-capped bimetallimglex, [(tpy)Ru(tppz)PtCI](Pds,
Pt Pt interactions dominate the supramolecular asseqiblith a Pt Pt distance of
3.3218(5) A, enhanced by the C-i&I hydrogen bondsFigure 3.45 D In the open-
ended trimetallic complex, [CIPt(tppz)Ru(tppz)P{€Hs]4, concerted interactions of the
two enantiomers combo can be extended to 2D lamedlsemblies by utilizing the self-
complementary molecular recognitions though C& and interactions Figure
3.46, D
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3.2.4 Morphology of the Aggregation

The X-ray analysis demonstrates the self-assembithe trimetallic complex via
weak intermolecular interactions. With these resuit mind, the self-assembly process
was further investigated by electron microscopy.

A strategy to build up the 3D supramolecular amsgttitre was systematically made
from the 1D, 2D to 3D controlled assemblies. The emantiomers were arranged in a
well-defined pattern. The morphology of the selsaasbling racemic compound was
further verified by scanning electronic microscq®EM) studies (SEM was carried out
using instruments in the Nanoscale Characterizadod Fabrication Laboratory, a
Virginia Tech facility operated by the Instituterf&ritical Technology and Applied
Science (ICTAS)). The sample was prepared by aastidrop of CHCN/EtO solution
of the [CIPt(tppz)Ru(tppz)PtCI](R}z on silica. The sample solution was the one in
which the single crystal was grown and solved bya)-crystallography. As shown in
Figure 3.46 presumably, in the early stage, the moleculan@ason and the growth of
the fibrous structure can occur most advantageouslydilute solution. Then the
aggregation should proceed to form a sheet-likecire at high concentration. The SEM
image of this mixture established that the shéet$itructure was constructed. With the
evaporation of the solvent, the lamellar structunespropagated to a 3D network leading
to the formation of the flower-like structure. Sucharacteristic structure is due to the
nature of the molecular geometry. This architectopens the door for potential
application of these solid structures of the trifiet complex as a catalytic material with
high surface area and channels containing realtisies.

The surface of the 3D flower-like image contains fimgerprints of the 1D fibrous
structures and 2D plate-like structures. It is higahat cooperation and/or competition
between the intermolecular interactions resulhmformation of structures with different
morphologies. The 3D flower network is possiblytiated from any of the direction of a,

b or c axes.
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A: 1D fibrous assembly C: 3D flower-like assembly

B: zoomed 1D fibrous assembly D: zoomed 3D flower-like assembly

Signal A = InLens
188 Date :7 May 2008

. WD= 5mm  EHT = 500kv Date :30 Oct 2008
zhao-fiber1 e it

Frotolio=71%  Signal A= InLens

tri-crystal

Figure 3.47. SEM images showing the self-assembly of the tiatie complex,
[CIPt(tppz)Ru(tppz)PtCI][P& 4, from 1D fiber to 3D flower-like arrays.
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3.2.5'H-NMR Reuvisited

-20C _ A. Slow exchange

60C

C. Fast exchange

Figure 3.43. Selected region of the 400 MHZH NMR spectrum of
[CIPt(tppz)Ru(tppz)PtCI](P§s in CDsCN at -20, RT and 60 °C showing slow exchange

(A), coalescent (B) and rapid exchange (C) regimes.

The X-ray crystallography provides insight into th®adenedH-NMR spectrum of
[CIPt(tppz)Ru(tppz)PtCI)(P&., specifically for HC and HC peaksFigure 3.43 From
the X-ray analysis, two stable conformations ofttiteetallic complex, M-M and P-P are
confirmed in the solid state. These two stereoigerhave the same energy state because
of their symmetries and should give the sdrtNMR spectrum. The two conformations
can convert to each other via an intermediate lutisn. If there are two chiral centers in
one molecule, another meso type isomer is possMi®, or P-M. As a result, the
exchange between M-M and P-P can take place atid&ihe intermediate, M-P, with the
possible energy profile being illustrated Figure 3.48 The exchange process between
the three stereoisomers can be studied by theblatiemperature NMR experiments. By
lowering the temperature to -20°C, two individuesanances for ¥€ and HC appears,
reflective of slow exchange between the M-M, P-® amP, P-M isomers. ThéH
resonances for both sets of isomers can be obsduorady this dynamic process at lower
temperature. The relative energy of these pairsoimers should be such that the
population of M-P (or P-M) is half of the total pdption of the two enantiomers, M-M
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and P-P although we can not rule out the reverseglieue. Our data does not rule out
the possibility that M-P (or P-M) isomers are twite population of the M-M and P-P
enantiomers. The M-P or P-M isomers are likely Eable conformations, because these
configurations require an unusual unusual distorabthe octahedral geometry at the Ru
center. The’H-NMR spectrum at -20°C agrees with this interpieta with a 2:1
integration ratio from the two separated peakstl@nother hand, sharp resonances with
the expected splitting pattern for’® and HC were observed at 60°C, indicating the
rapid exchange at this temperature.

Figure 3.48.Representation of the energy profile of the M-MP\nd P-P stereocisomers
of the trimetallic complex, [CIPt(tppz)Ru(tppz) PYEIFs)4

The exchange rates (k) can be obtained from the NidR by the following

equations for the fast exchange, coalescent amdestohangé®®

106



« - P
oot 2(\N1/2,E'W1/2,o)

k = pDUO
coalescene \/E

Keow= P(W 2 W 1/2,0)

where k is the exchange rate,;Ws the peak width at half heighty is the peak
frequency, W is the the peak width at half height at the linfifast exchang, and ¥s
the the peak width at half height at the limit of@xchange.

Since HC an HC are equally populated exchange sites with thetick ratio of 2:1,
the activation energy { G) can be calculated from the exchange rate (khéyollowing

equation*®
: k
DG'= RT[238+In]

where R is the gas constant, T is the temperatukelvin.

The exchange rate and activation energy of [CIPxfiRu(tppz)PtCI][PEsat RT can
be estimated as 62~93 and 33~35 kJ/mol, respectively. Noteworthy, idifficult to
determine the accurate exchange rate from the NMRR d there are two different
broadening positions, since this will cause twofedént + , values. Additional
information such as the computational study couéd darried out to support these
calculated values from NMR data in the future.

No broadening in th&H-NMR spectrum for [(tpy)Ru(tppz)PtCl](R) is observed at
RT. Low temperature NMR of [(tpy)Ru(tppz)PtCl]|(fwas carried out at -20°C. No
broadening and/or splitting of the peaks were ofeskr This supports théH-NMR
interpretation on the broadening of the trimetadlienplexes. The bimetallic complex just
has two enatiomers (M and P), which give the s4mBIMR spectrum. By contrast, the
trimetallic complex has diastereomer (M-M, P-P, M+Rhich give the proton resonance
NMR spectrum with two distinctive peaks.
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Chapter 4. Electrochemical, Spectroscopic and Phgphysical Properties

In this chapter, we study the response of the nuataiplexes to changes in redox
state and optical excitation. This provides insighto the ground and excited state

reactivity of these complexes as well as providiffgrmation about orbital energetics.

4.2 Electrochemistry

The electrochemical data of the title complexepylRu(tppz)PtCI](PE)s and
[CIPt(tppz)Ru(tppz)PtCl](P4}., along with related complexes and free ligands,gawen
in Table 4.12 The electrochemical properties are all measunedcetonitrile solution

with 0.1 M BuNPFR as the supporting electrolyte. All reported patdst (E,) are
calculated by averaging the ‘Fand Ej obtained by cyclic voltammetry (CV), the

potential values are in V vs Ag/AgCI reference #lede (0.21 V vs. NHE) calibrated
against Fc/Fecouple (0.665 V vs. NHEY! The redox processes are assigned based on

the electrochemistry of the free ligand tppz ang®tg® 3% 4% 22

and the reported
monometallic complexes of [Ru(tppl)" and [(tpy)Ru(tppz)fi by ThummeF® Abrung’
and our grouff. The potentials presentedTable 4.12for these complexes are all based
on our own synthesized complexes under our ownitiond for comparison. The CVs of

these complexes can be foundhie Appendix, Figures A.12-14
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Table 4.12 Electrochemical data for Ruand Pt of the tridentate complexes. Potentials
reported vs. Ag/AgCI (0.21 V vs. NHE) in GEIN with 0.1 M BUNPF; (tpy = 2,2":6',2"-
terpyridine, tppz = 2,3,5,6-tetrakis(2-pyridyl)pgnae).

Compound Eup (V vs. Ag/AgCI) Assighments
[Ru(tppz).](PFe): 1.54 Ry
-0.85 tppz®”
-1.06 tppz®-
[(ty)Ru(tpp2)](PFe)2 1.42 Ry
-0.95 tppz”-
-1.39 tpy®"
[(tpy)Ru(tppz)Ru(tppz)1(PFe)4 1.51 Ry
1.86 Ry
-0.30 tppz”-
-0.82 tppz”-
[(tpy)Ru(tppz)Ru(tpy)](PFe)4 1.39 L
1.72 Ry
-0.45 tppZO/-
-0.94 tppz™?
[(ty)Ru(tppz) PLCI)(PFe)s 1.63 Ry
1.12 pt'V
-0.16 tppz”-
-0.70 tppz"z'
[CIPt(tppz)Ru(tppz)PtCI](PFs)a 1.83 Ry
1.24 pt'V
-0.03 tppz”-
-0.17 tppZO/-
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Figure 4.49.Cyclic voltammetry of the monometallic complexe@py)Ru(tppz)](Pk):
(A) and [Ru(tppz)](PFs)2, (B) in CH;CN with 0.1 M BuNPF;, scan rate = 100 mV/s.
Potentials reported vs. Ag/AgCl (0.21 V vs. NHBpy = 2,2":6',2"-terpyridine, tppz =
2,3,5,6-tetrakis(2-pyridyl)pyrazine

110



S5 HA

||/|||
tppZz
P |/|V
MN \

20 15 10 05 00 05 -10 -L5 [CIPt(tppz)Ru(tppz)PtCly
Potential (V vs. Ag/AgCl)

Figure 4.50. Cyclic voltammetry (A and B, scan rate = 100 mVé&s)d square wave
voltammetry (C and D, Step potential E = 4 mV, SAmMplitude = 25 mV, Frequency =
15 Hz) of bimetallic complex, [(tpy)Ru(tppz)PtCIKE)s (A, C), and trimetallic complex,
[CIPt(tppz)Ru(tppz)PtCI|(P§. (B, D) in CHCN with 0.1 M BuNPF;, Potentials
reported vs. Ag/AgCl (0.21 V vs. NHE), tpy = 2@2"-terpyridine, tppz = 2,3,5,6-
tetrakis(2-pyridyl)pyrazine
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4.2.1 Electrochemical Properties of Monometallic Recursors

The cyclic voltammograms of [(tpy)Ru(tppz)](&Fwas shown irFigure 4.49 (A)
One reversible oxidation {fi,;> J 1) and three reversible reductiop/{j® J 1) were
observed for [(tpy)Ru(tppz)](R)z. The oxidation at 1.40 V was assigned a¥'Rmetal
based process, indicative of the Ru metal centénesite of the localization of HOMO.
The first reduction at -0.95 V was assigned as%ppased reductions, reflective of the
ligand as the localization of the LUMO. The secoratluction peak at -1.39 V
corresponds to t3 electron transfer. The third reduction at -1.6W&s assigned as a
second tppz based reduction, fffpon the basis of the reductions observed in the tpy
and tppz free ligands and [Ru(tplfPFs)».>

The cyclic voltammograms of [Ru(tppiPFs). was shown irFigure 4.49 (B) One
reversible oxidation {f/i,> J 1) and two reversible redox,{i,> J 1) processes were
observed. The oxidation at 1.54 V was assigned4' Rnetal based process. The two
successive reductions at -0.85 V and -1.06 V weceilzed to the first reduction for each
tppz. For comparison, the Bl couple of the monometallic synthon, [Ru(tpiD Fs)2,
is shifted to more positive potential by 120 mVatele to [(tpy)Ru(tppz)](P§.. The
more positive first reduction potential observed f{&u(tppz}](PFs). compared to
[(tpy)Ru(tppz)](Pk). is due to the lower lying* orbitals of the tppz than tpy, supporting
the ligand based reduction assignments on this ofpmetal complexes. Significant
adsorption and desorption peaks are observed ugeomd reduction and reoxidation.

The assignments of the cyclic voltammograms of y)@u(tppz)](Pk). and
[Ru(tppz)](PFs)2 as well as the reported data here are consisiiémpwevious reports of

Brewer?’ Thummet®and Abrun&®27" 2% 49

4.2.2 Electrochemical Properties of R{,Pt' Mixed-metal Complexes

The cyclic voltammograms of [(tpy)Ru(tppz)PtCll@F  and
[CIPt(tppz)Ru(tppz)PtCI|(P§, (Figure 450 A, B were carried out at the same
conditions as the monometallic complexes. Compawontpe monometallic complex, the
cyclic voltammograms of RuPt' mixed-metal complexes, particularly the trimetalli
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complex, are distorted and the peaks are ill-resblvSignificant adsorption and
desorption processes are also seen for these souple

In the CV of [(tpy)Ru(tppz)PtCI](P§s, the j/iy> | 1 for all reductive processes is
indicative of the quasi-reversible processes. Sadasi-reversible electrochemical
properties is consistent with the molecular assimtiaof [(tpy)Ru(tppz)PtCI](P§)s in
solution.

The ESI-MS data suggests [(tpy)Ru(tppz)PICIp associated in solution, giving
assembly of dimers, trimers, etc. For the dimers gorocess can be expressed as
equilibrium balanced by the intermolecular attraatiand coulombic repulsion

(electrostatic interaction):

[Ru,Ptf* + [Ru,Ptf* @ [Ru,Ptf'[Ru,Pt"

In an applied electrical field (potential), take tteduction process as an example, the
electroactive molecules ([Ru,Pf which are electrostatically distributed along the

electrode will be reduced by gaining electrons:

[Ru,Ptf* +&  [Ru,Ptf

This process is then reversed by switching themiaiescan resulting in oxidation of

the electrochemically reduced species.

[Ru,PtF*  [Ru,Ptf* +¢€

In the reduced form, [Ru,Pf]complex has a lower charge (+2 vs. +3) and shbeld
more prone to associate due to the decreasedastatic repulsion.

The reduction and oxidation potential of the compte should be sensitive to its
degree of association, and these processes ocdiffeaent potentials in the monomers,

ltI/IV

dimmers, etc. The ¥ couple should be particularly sensitive to Pt...Rtoastions
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in solution. This process should give rise to quasersible and ill-reduced
electrochemistry.

A more distorted CV Kigure 4.50 B) was observed for the trimetallic complex,
[CIPt(tppz)Ru(tppz)PtCI](Pgs than bimetallic complex, [(tpy)Ru(tppz)PtCl|(§)F This
may result from the different intermolecular asation  between
[(tpy)Ru(tppz)PtCI|(PE)3 and [CIPt(tppz)Ru(tppz) PtCI](R}a. The
[CIPt(tppz)Ru(tppz)PtCI|(P&4 should undergo chain-like molecular assembly as
demonstrated in the crystal structure. This complax Pt at each end of the molecule.
Additionally, the [Ru(tppz)®" synthon displays more significant adsorption fwileg
reduction which would further complicate the electremistryFigure 4.49 (B)

A more sensitive voltammetric method, square wasltammetry (SWV), is used to
provide better signal/noise ratio for [(tpy)Ru(tpRCl|(PF)s (Figure 4.50 Q and
[CIPt(tppz)Ru(tppz)PtCI|(P§, (Figure 4.50 D) The SWV also display significant
adsorption behavior but allow better signal/noisg¢erestingly, comparing the SWV of
[(tpy)Ru(tppz)PtCI](PE)s and [CIPt(tppz)Ru(tppz)PtCl]|(RR, a peak at ca 1.24 V was
observed for [CIPt(tppz)Ru(tppz)PtCl|(PF ascribing to the irreversible oxidation of
PtV This may be due to the “open-ended” aggregationf o
[CIPt(tppz)Ru(tppz)PtCI|(P§, will make Pt sites not involved in PPt bonding,
resulting in the observed oxidation. This valueamparable to the oxidation potential of
PtV in [(tpy)PtCI]+ at 1.15 V vs. Ag/AgCl in DMFAppendix, Figure A.13. In
contrast, the Pt-Cl in [(tpy)Ru(tppz)PtCIl](§&will be involved in Pt Pt bonding when
just two monomers assemble, weakening the sigwah fthe any unassembled"Pt

oxidation.

4.2.3 Comparison of Electrochemical Properties of & Pt' Complexes

with their Monometallic Precursors

The electrochemistry of [(tpy)Ru(tppz) PtCI| ¥ and
[CIPt(tppz)Ru(tppz)PtCI|(P&. consist of RU" based oxidations and ligand based
reductions, Table 4.12 CV and SWV of these complexes display complitate
electrochemistry, which is reflective the compasitiof the electroactive subunits and
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intermolecular association in solution. The eledtemical properties provide insight into
the relative orbital energies of HOMO and LUMO.

The  electrochemical properties  of [(tpy)Ru(tppRPFs)s  and
[CIPt(tppz)Ru(tppz)PtCI|(Pg. as well as their monometallic synthons are contpare
The Ru center coordinated to two tppz ligands ilP{Eppz)Ru(tppz)PtCl](P§, is more
difficult to oxidize (1.83 V vs. Ag/AgCI) relativio [(tpy)Ru(tppz)PtCI](PE)s3 (1.63 V vs.
Ag/AgCl), consistent with the bett@raccepting ability of the tppz ligand relative fy.t
Platinum coordination to the monometallic synthof@py)Ru(tppz)](Pk). and
[Ru(tppz}](PFe). also impacts the R{' oxidation as evidenced by the 'Rl couple of
[CIPt(tppz)Ru(tppz)PtCI](P§, occurring at the most positive potential, indiogtithe
Ru-based HOMO. The peak observed at 124 V vs. @GIA for
[CIPt(tppz)Ru(tppz)PtCI](P§, was assigned to the irreversible"Bt The PtV
oxidation occurred at a more positive potential the trimetallic complex,
[CIPt(tppz)Ru(tppz) PtCI] (P4 relative to the bimetallic complex,
[(tpy)Ru(tppz)PtCI|(PE)3(1.12 V vs. Ag/AgCI), consistent with the more fiva charge
of the trimetallic systems.

The reductive electrochemistry of [(tpy)Ru(tppz) RiCFs)3 and
[CIPt(tppz)Ru(tppz)PtCI](P§. display tppz based reductions that occur at Saamtly
more positive potentials compared to their monothetsynthons, [(tpy)Ru(tppz)](P
and [Ru(tppz)|(PFs)2, respectively,Table 4.12 This positive shift implies that the
coordination of Pt to the remote site of tppz affords significantbitaation of the
tppz (*) acceptor orbitals in [(tpy)Ru(tppz)PtCI|(BE and
[CIPt(tppz)Ru(tppz)PtCI|(P&.. For example, the tpfz couple shifts from -0.95 and
-0.85 V vs. Ag/AgCl in [(tpy)Ru(tppz)](P¥ and [Ru(tppz)](PFs)2, respectively, to -0.16
and -0.03 V in [(tpy)Ru(tppz)PtCI](R)z and [CIPt(tppz)Ru(tppz)PtCI](RJa respectively.
Stabilization of the tppp) orbital upon Pt coordination is significantlyr¢ger than with
Ru coordination where the tgbzprocess occurs at -0.30 V vs. Ag/AgCl for
[(tpy)Ru(tppz)Ru(tppz)](P§+%° This is consistent with the electrochemistry of
[(bpy).Ru(dpp)PtCl1** vs [(bpyhRu(dpp)Ru(bpy)**,*** which shows the ligand based
first reduction at -0.49 V and -0.66 V after arefdre the Pt coordination. These tppz

bridged systems have very low ligand based redugatentials.
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The electrochemical properties of [(tpy)Ru(tppz)IREFs)3 and
[CIPt(tppz)Ru(tppz)PtCI|(P§, establish a Ru@ HOMO (highest occupied molecular
orbital) and tppzg*) LUMO (lowest unoccupied molecular orbital) inee structural
motifs. The electrochemistry predicts a loweshdyRu(g)® tppz([p*) 3MLCT excited
state with a lower energy MLCT for [(tpy)Ru(tppzIm(PFs)s than
[CIPt(tppz)Ru(tppz) PtCI](P§..

4.3 Electronic Absorption and Emission Spectroscgp

Ruthenium polypyridyl complexes exhibit intensengiéions in the UV region arising
from the ligand based n "~ and " transitions. The visible regions of the electronic
absorption spectra display a large red shift uppnplexation of Pt. The visible region is
dominated by MLCT transitions from each metal toheacceptor ligand. The emission
of polyazine complexes arises from the lowest lyini.CT. A summary of the light

absorbing and photophysical properties are givéliabie 4.13

Table 4.13. Summary of the spectroscopic data of [(tpy)Ru(tPp@)](PFs)s and
[CIPt(tppz)Ru(tppz)PtCl](P§ with their precursors, where tpy = 2,2"6',2"-terpyridine,
tppz = 2,3,5,6-tetrakis(2-pyridyl)pyrazine.

comelex [w Al

(nmy' (x10* Mlemd)  (nm) (nsy
[(tpy)Ru(tppz)](Pk)2 472 1.6 667 67
[Ru(tppz}](PFe)2 478 2.3 646 81
[(tpy)Ru(tppz) PtCI](PE). 530 2.8 810 N/A®
[CIPt(tppz)Ru(tppz)PtCI] (P&, 538 3.0 754 80

2 Reported for the lowest eneryLCT;
P Measured in deoxygenated GEN;

¢ Weak emission for which an accurate lifetime cahbe measured.
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Figure 4.51. Electronic absorption and emission spectra for tinéxed-metal
supramolecular complexes and monometallic synt@)s[(tpy)Ru(tppz)](Pk). (-----
Jand  [(tpy)Ru(tppz)PtCIJ(P§s (—) and (B) [Ru(tppzl(PFe)2 (-----) and
[CIPt(tppz)Ru(tppz)PtCI|(Pgs (—) measured in C¥CN at RT (tpy = 2,26,2 -
terpyridine and tppz = 2,3,5,6-tetrakis(2-pyridybgzine).

117



4.3.1 Electronic Absorption Spectroscopy

Light absorbing properties of the title complexesrsvinvestigated by electronic
absorption spectroscopy. The electronic absorpspectra of the bimetallic and
trimetallic complexes with their monometallic syotis are summarized ifable 4.13
and the spectra shown kigure 4.51

The monometallic synthons displgy®p * transitions in the UV with MLCT
transitions in the visible to both acceptor liganwith the R® tppz CT band being
lowest in energ¥?* This [Ru(tppz)](PFs), MLCT band [ mad>*= 478) slightly shifts to
lower energy compared to [(tpy)Ru(tppz)]6PHI mad™>= 472). This red shift is a result
of the stabilization of the tppa* acceptor orbital, consistent with their electrentical
properties.

The complexes [(tpy)Ru(tppz)PtCI|(PE and [CIPt(tppz)Ru(tppz)PtCI|(RJz are
efficient light absorbers displaying intraligand_YIp®p * transitions in the UV and
MLCT transitions in the visible, with the lowestergy transition being Ruf® tppz(*)
MLCT in nature. Consistent with the stabilizatiorf tppz(@*) orbital upon Pt
coordination, the Ru@® tppz(p*) MLCT transitions are red shifted in
[(tpy)RU(tppz)PtCI(PB)s (| mad™®= 530 nm) and [CIPt(tppz)Ru(tppz)PtCIEF( ma™s
= 538 nm) relative to their monometallic synthonghis stabilization of the tppgf)
orbital is consistent with the positive shift ofettppZ?”~ couple, as observed in the
electrochemistry of [(tpy)Ru(tppz)PtCI[(BE and [CIPt(tppz)Ru(tppz)PtCl](Rf,
relative to their monometallic synthons. The spesttopic properties of
[(tpy)Ru(tppz)PtCI)(PE)s and [CIPt(tppz)Ru(tppz)PtCI](RJz suggests that upon light
absorption, charge transfer is promoted towardsdloedinated Pt center to the tppz BL.
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4.3.2 Luminescent Properties of [(tpy)Ru(tppz)PtClPFs); and

[CIPt(tppz)Ru(tppz)PtCI|(PF 6)4

Ruthenium polyazine complexes often possess lolyesy *MLCT states that are
emissive. The prototypical bis-tridentate comple([tpy)z]2+, Is not emissive, attributed
to the presence of low-lying ligand fieltLF) states that are thermally accessible at room
temperature leading to rapid deactivation of the(dR® tpy(p*) *MLCT state.
Ruthenium complexes of the tridentate BL tppz hlagen shown to be emissive due to
stabilization of the Ruf@® tppz(*) *MLCT state, which limits thermal population of
the3LF state. The RT emission spectra recorded in dgengted CHCN solutions of the
monometallic complexes [(tpy)Ru(tppz)](®Fand [Ru(tppz)(PFs). and the trimetallic
complex, [CIPt(tppz)Ru(tppz)PtCl]|(Rfz, are shown inFigure 4.51 The complexes
[(tpy)Ru(tppz)](Pk)2 and [Ru(tppz)(PFs). emit at 668 and 646 nm, respectively.

The trimetallic complex [CIPt(tppz)Ru(tppz)PtCI](EFdisplays a Ru(@)® tppz{p*)
3MLCT emission centered at 754 nm with an excitedestifetime {) of 80 ns and=®"
of 5.4 x 10*. The photophysical properties of [CIPt(tppz)Rp&)PtCl|(Pk) are
comparable with [(tpy)Ru(tppz)RU(tppz)I(BE | max = 830 nmt = 100 ns; andF *" =
4.0 x 10**° The Ru(gh)® tppz@*) *MLCT emission of [CIPt(tppz)Ru(tppz)PtCI|(D&
complex is significantly red-shifted relative to JRopz)](PFs)2, consistent with the
stabilized tppag*) orbital upon Pt coordination. The intense emission of
[CIPt(tppz)Ru(tppz)PtCI](P§, affords a probe into its excited state reactiaityl the 80

ns lifetime, significant time for excited state ¢gans.
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4.3.3 Concentration Dependent Study of the Luminesat Property of
[(tpy)Ru(tppz)PICI|(PF ¢)s

The difference in excited state properties of [(Bytppz)PtCl|(PE)s and
[CIPt(tppz)Ru(tppz)PtCI|(Pgs complexes is an interesting result imparted by the
difference in their structures. Platinum terpyra&licomplexes are known to undergo
intermolecular Pt'Pt interactions that lead to quenching of the otis emissive
3MLCT excited states. Such an interaction in outesysis supported by the ESI-MS data.
From the single crystal structure, the Pt interactions were observed in the solid state
for [(tpy)Ru(tppz)PtCI(PE)s. The Pt Pt interactions in [(tpy)Ru(tppz)PtCI|(BE to
quench the’MLCT excited state requires the assembly of onlp twolecules, such
guenching effect is concentration dependent. Mealsuunder typical conditions,
[(tpy)Ru(tppz)PtCI](PE)s does not display a detectable emission. When aCGH
solution of [(tpy)Ru(tppz)PtCI](P§ is diluted to below 2.5 x TOM, an extremely weak
emission is observed at 810 niigure 4.52. The emission intensity increases with
decreasing metal complex concentration in markedrast to most chromophores. This
implies association via PtPt interactions quenchs the emission of the birethd the
equilibrium of assembly lies largely towards asskealolimers, trimers, etc.

There is one emitting state in the monomer of batlietcomplex. The bimetallic
complexes are prone to undergo intermolecular &g in solution. Take the dimer of
bimetallic complex as an exampleigure 3.45, Q, both emitting states in the dimer is
guenched via a direct attachment of the tppz tben§aged PtPt assembly. By contrast,
the trimetallic complex is emissive even at higbencentrations. There are two emitting
states in the monomer of the trimetallic complexhé the trimetallic molecules undergo
intermolecular associations, take the dimer of etatlic complex as an exampleigure
3.46, Q, the two external emitting states should not benghed even though the two
internal emitting states are quenched. The emissfamimetallic complex might arise
from the two external emitting states in the dimdggen with large aggregation, the
trimetallic complex has at each end unassembletbRz+Pt units. Thes8MLCT states
can’t all be quenched on the two tppz ligands itP{Eppz)Ru(tppz)PtCI|(P§. even

with assembly.

120



——26x10°M

6x10° 6
— 6.0x10° M

oy ———1.2x10°M
— 3.0x10°M

4x10* ——— Solvent blank

Intensity

750 800 850
Wavelength (nm)

Figure 4.52.The concentration dependent emission spectramf)Ru(tppz)PtCl]|(PE)s
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4.3.4 Solid State Emission Property of [CIPt(tppz)B(tppz)PtCI]|(PFe)4

Solid state emission was probed and [CIPt(tppz)pu(PtCl](Pk)s maintains the
characteristiCcMLCT emission at mac™ = 764 nm, while [(tpy)Ru(tppz)PtCI](R)z does
not display a detectable emission in the solicesEagure 4.53.

Confocal laser induced emission scanning microscepy applied to compare the
luminescence difference between the bimetallic arichetallic complexes (The
experiments were conducted with the assistance BarKristi R. DeCourcy at Virginia
Tech). No signal was observed for bimetallic powidethe confocal image;igure 4.53
(A). In contrast, the trimetallic powder displays imge emissiorfigure 4.53 (B)

Figure 4.53 Confocal laser scanning microscopy analysis ahdballic powder
[(tpy)Ru(tppz)PtCI)(PE)s (A), trimetallic powder of [CIPt(tppz)Ru(tppz) Pi(PFs)4 (B).
The samples were excited with the 543 nm laser (m&ium-neon) and emission

detected by using a long pass filter (>633 nm).
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Chapter 5. Applications: Metal Complex-DNA Interactions

The design of mixed metal supramolecular complefethe type described above
involves the coupling of a ruthenium polyazine tighhsorber to platinum bioactive sites.
The supramolecular assemblies provide a TL-LA-BLBAL = terminal ligand, LA =
light absorber, BL = bridging ligand, BAS = bioadisite) architecture in the bimetallic
complex, [(tpy)Ru(tppz)PtCI](Rf3, and BAS-BL-LA-BL-BAS architecture in the
trimetallic complex, [CIPt(tppz)Ru(tppz)PtCI|(Br These complexes are unique in
their coupling of Ru bis(tridentate) LA units t&8 center-*

The RU,Pt' bimetallic complexes are efficient light absorbeTe tppz BL provides
a low lying * acceptor orbital affording a stabilizéMLCT state. Both title complexes
possess low energy absorptions corresponding t&titeé ) tppz( *) MLCT transition
at 530 nm and 538 nm for [(tpy)Ru(tppz)PtCIJgRF(. = 2.8x1¢ Mcm™) and
[CIPt(tppz)Ru(tppz)PtCI|(Pg. (. = 3.0x13 Mcm?), respectively, as shown Figure
4.51.

5.1 Thermal Binding Study

The BAS pt site in the [(tpy)Ru(tppz)PtCI|(R)s and
[CIPt(tppz)Ru(tppz)PtCI]|(P§s complexes possesses a labile chloride ligand ainbd
cisplatin. This labile site should allow for thevatent binding of these complexes to the
nitrogen bases of DNA. The ability of the complexe$ind double stranded DNA was
therefore examined by agarose gel electrophorésis. DNA binding assays shown in
Figure 5.54 and Figure 5.55were conducted by Mr. A. J. Prussin}#.This method
provides a useful means for assessing covalentinigintb DNA and comparing the
binding properties of different metal complexes.eTprinciple of this method is that
molecules migrate in the gel as a function of thmass, charge, and shape, with
supercoiled DNA migrating faster than open circutaslecules of the same mass and
charge. For these studies, the complexes were atedlfor 2 hours with pUC18 plasmid

DNA in phosphate buffer. Small aliquots of the $olas (10 L containing 0.1 g of
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DNA) were mixed with 2 L glycerol based gel loading buffer and loaded itht® wells
of a gel made with 0.8 % w/w agarose, 0.55 % wawdoacid, and 1.08 % w/w Trisbase.

The DNA binding abilities of the [(tpy)Ru(tppz)Pi(}Fs); and
[CIPt(tppz)Ru(tppz)PtCl|(P§. complexes were first probed as a function of ti¢AD
base pair (BP) to metal complex (MC) ratio. DNAdiimg assays for these complexes
and cisplatin are shown ifigure 5.54 In this study the metal complexes were
incubated with circular pUC18 plasmid DNA at vasoBP:MC ratios at room
temperature (RT) prior to analysis by agarose geiti®phoresis. In each case, lans a
molecular weight standard (23, 9.4, 6.6, 4.4, 2@ 2.0 kb). Lane C is the pUC18 DNA
controls, showing the major supercoiled (Form I3l aminor nicked (Form Il) forms of
the circular plasmid. Lanes 1-8 are the pUC18 DNéubated with BP:MC ratios as 1:1,
2:1,3:1,5:1, 10:1, 20:1, 30:1, and 50:1, respebti

Both title complexes bind to DNA as illustrated thye retardation of migration of the
pUC18 plasmid through the agarose gel. This effied found to be greater for both title
complexes than for cisplatifrigure 5.54 A, B, and §. This more pronounced effect has
also been observed for the related bpy and tpesystand could result from the higher
cationic charge and molecular mass of our supracutde complexes compared to
cisplatin, from enhanced DNA binding or from larggranges in DNA structure upon
MC binding*?* #° The migration of DNA in the presence of the trialéc complex,
[CIPt(tppz)Ru(tppz)PtCI] (P44, at a 10:1 BP:MC ratio was comparable to its migratn
the precence of bimetallic complex, [(tpy)Ru(tpp@PFs)s, at a 5:1 BP:MC ratio as
shown inFigure 5.54 B, C. This is consistent with the number of BASthese metal
complexes, implying that both 'Psites can bind to DNA in the trimetallic complex.
Although the type of adduct that is formed (inteastl, intrastrand or monofunctional)
cannot be determined from these experiments, ttessdts confirm the covalent binding
mode of these metal complexes with DNA and thednpse as a new class of anticancer
drugs having DNA as a target.

The impact of temperature on the covalent bindihf{tpy)Ru(tppz)PtCl](PE)s and
[CIPt(tppz)Ru(tppz)PtCI]|(P§4 to circular plasmid DNA was also examined. Circula
DNA contains a constant number of superhelicalsumcompound that unwinds DNA

reduces the number of superhelical turns and thereiows its migration through the gel.
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This supercoiling of DNA has been shown to be g¢ited by binding of the metal
complexes such as cisplafii:**°Cisplatin induces DNA unwinding process followed b
crosslinking to reduce the size of the cisplatinAadduct® Lippard and coworkers
have quantitatively determined the degree of DNAwviading produced in specific

adducts of cisplatii®*

23.1 kbp
9.4

K OC
K SC

O
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Figure 5.54. Binding study of cisplatin (A), [(tpy)Ru(tppz)Pt@HFR)s (B), and
[CIPt(tppz)Ru(tppz)PtCI](P§s (C) using circular plasmid pUC18 DNA with diffeten
BP:MC ratios at RT. Lanes 1, 2, 3, 5, 10, 20, 3@ 30 are the metal complex-DNA with
the BP:MC ratios as 1:1, 2:1, 3:1, 5:1, 10:1, 2RQ;1, and 50:1 respectively. tpy =
2,2¢6¢2¢4qerpyridine and tppz = 2,3,5,6-tetrakis(2-pyrighylazine).

In this study, BP:MC ratios of 5:1 and 10:1 weredi$or [(tpy)Ru(tppz)PtCI](Pgs
and [CIPt(tppz)Ru(tppz)PtCI](RJa, respectively, to maintain the same stoichiomedfy
Pt' BAS to DNA BPs. The results of this study are shdw Figure 5.55 In all four
panels, lane corresponds to the molecular weight marker. Lans the pUC18 DNA
control. Lanes 4, 25, 37, and 50 are the MC-DNAtor incubated at 4, 25, 37, and
50°C, respectively for 2 hours. As a control, diacylasmid pUC18 DNA was incubated
at different temperatures in the absence of metaptex, showing that this treatment by
itself had no effect on the conformation of thesphd (Figure 5.55A). In contrast,
incubation with cisplatin Kigure 5.55 B resulted in retardation of DNA migration
through the gel due to the unwinding of the sup@¥doDNA, an effect that was
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substantially enhanced with increasing incubatemperature Kigure 5.55 A lanes 4,

25 and 37). The plasmid exhibited the slowest ntiigman the sample incubated at 37°C,

23.1 kbp
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Figure 5.55. The impact of temperature on DNA binding to pUC18/ADby metal
complexes (A), cisplatin with 5:1 BP:MC (B), [({Bu(tppz)PtCI](PE)s with 5:1
BP:MC (C), and [CIPt(tppz)Ru(tppz)PtCI](BF with 10:1 BP:MC (D) at 4°C, 25°C,
37°C and 50°C. (tpy = 2ZB¢2¢¢erpyridine and tppz = 2,3,5,6-tetrakis(2-
pyridyl)pyrazine).

suggesting that cisplatin had fully unwound the DiNAhis case. At 50°CF{gure 5.55 A
lane 50), cisplatin appeared to have introduce@inegsupercoils into the DNA, causing
the plasmid to migrate more rapidly through the §anilar patterns have been reported
in kinetic studies of cisplatin-DNA bindirfg> %°  The title complexes,
[(tpy)Ru(tppz)PtCI|(PE)s and [CIPt(tppz)Ru(tppz)PtCl|(Rfz, also reduced the
migration of DNA in the gel as a function of temgkire. This suggests that covalent
binding of the MC to DNA is enhanced with increaseclibation temperature, resulting
in unwinding of the supercoiled DNA. However thiéeeticomplexes did not lead to DNA
compaction or rewinding at 50°C as observed fqulaig (lane 50 irFigure 5.55B, C,
and D). This may reflect a difference in the type of dimg of our metal complexes
compared to cisplatin, which is not surprising givibe single labile Pt-Cl bond on the
BAS compared to two Pt-Cl labile bonds in cisplat@ingle labile Pt-Cl bonds in our
complexes only allow for the formation of monofunoial DNA adducts compared to the

bifunctional DNA adducts formed by cisplatin. In ethtrimetallic complex of
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[CIPt(tppz)Ru(tppz)PtCI]|(P§4, there are also two Pt-Cl BAS at 180° vs. the 90° in
cisplatin. This might allow the trimetallic intetato form more inter-strand crosslinks of
DNA vs. the primarily intrastrand crosslinking peesed by cisplatin. In addition, the
bimetallic and trimetallic complexes have highessifige charges than cisplatin. The
higher cationic charge and molecular weight of ¢h@éxed-metal complexes could result
in a higher degree of DNA binding or a larger impaa DNA structure relative to
cisplatin.

In summary, studies were performed on the intesaatiith DNA of RU',Pt' mixed-
metal supramolecular complexes of the form LA-BL8And BAS-LA-BL-BAS. The
complexes, [(tpy)Ru(tppz)PtCI|(RE and [CIPt(tppz)Ru(tppz)PtCl](Rf, represent the
first RU',Pt' polyazine systems bridged by tppz BL shown to bBMNA. These
complexes are efficient light absorbers with ineetnsitions throughout the UV and
visible with the lowest transition being MLCT intoee to the tppz acceptor orbital. The
title complexes exhibit enhanced modification of AKtructure as compared to a well
known anticancer drug, cisplatin at much higherNB®:ratios, displaying their promise
as a new class of anticancer agents. DNA binding alao shown to be temperature
dependent. The metal complexes, [(tpy)Ru(tppz) PREY); and
[CIPt(tppz)Ru(tppz)PtCI](P§, displayed apparent enhanced unwinding of DNA with
increase in temperature. The temperature deperiddAt interaction of the designed
complexes was found to be different from that dfptatin, presumably due to the
presence of only a single labile chloride, highedeunular weight and positive charge in
the title complexes compared to cisplatin. Workusrently in progress to further explore
the mechanism of DNA binding of these and relayetiesns.
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5.2 Light Activated DNA Interactions

The emissive trimetallic complex [CIPt(tppz)Ru(tppCI]Cl, was studied further to
assay light activated interactions of the complathidNA. An emission titration and
light activated agarose gel electrophoresis stugyewperformed to investigate the
photoinitiated interactions of this complex with BNIn the emission titration studies,
the emission properties of the trimetallic complgdPt(tppz)Ru(tppz)PtCI]Glat a
constant concentration ¢ = 1.3¥1M in an aqueous 10 mM sodium phosphate buffer
(pH = 7) were monitored upon exposure to disodiwargsine-5monophosphate
(NaxGMP), supercoiled pUC18 DNA and calf thymus DNAwhe ratios of BP:MC = 5,
10, 20 and 40. In the gel electrophoresis studpelahift assay was planned to probe the
photoreactivity of [CIPt(tppz)Ru(tppz)PtCI]vith DNA using circular pUC18 with a
20:1 BP:MC ratio in an aqueous 10 mM sodium phosgphaffer (pH =7). The solutions
were photolyzed with a 5W LED at 455 nm for one m@nd then assayed using gel

electrophoresis and electronic absorption speamsc

5.2.1 Emission Titration

An emission titration experiment was conducted willie trimetallic complex
dissolved in 10 mM sodium phosphate buffer (pH = with addition of the
dexoynucleotide disodium-guanosinerdonophosphate (N&MP). A solution of
1.3x10° M [CIPt(tppz)Ru(tppz)PtCI]Gl in 10 mM phosphate buffer (pH = 7) was
assayed by emission spectroscopy. The emissiommeasiored as a function of added
NaGMP. When the trimetallic complex was exposed twaasing amount of N&MP,
reduction of emission was observé&ijure 5.56 The chloride salt of trimetallic complex
[CIPt(tppz)Ru(tppz)PtCl]|Glshowed luminescence in the aqueous solutigad" = 748
nm in HO). This emission is similar to that observed foe Pk salt of trimetallic
complex in the organic solvent GEN ( max " = 764 nm). Upon introduction of NaMP
to an aqueous solution of the [CIPt(tppz)Ru(tppZ)Pt, the luminescence was quenched.
The GMP could bond to the Pt site of the compleadieg to an expected shift in the
emission maxima. For this complex, emission quarghs seen. The guanine (G)
(Eoxaromp= 0.80 V vs. Ag/AgCl in aqueous solutiéfis highly susceptible to oxidative
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due to its lowest oxidation (oxd) potential amohg four bases (G, C, A and T). Adding
NaGMP to the [CIPt(tppz)Ru(tppz)PtCl]Csolution may result in excited state electron
transfer or energy transfer quenching of the Ruomiomphore. This would lead to
quenching of the RAMLCT emission. ThéMLCT excited states of Ru chromophores
are often good oxidizing agents. The excited statkeiction potential of the trimetallic
complex can be estimated by thgoof the excited state (ES) and the ground statg (GS
reduction (red) potential of the trimetallic compl&his analysis provides:

MC +h+ MC*

Ered > = B> + Ep.o = 0.28 V vs. Ag/AgCl
This provides the driving force for the reactioBs>< Exxacvp):
MC*+G MC + G (Eredoy

— ES _
Eredox— ond/GMP—Ered/trimetaIIic complex — 0.52V

Since the change in Gibbs free energ@) can be computed fromdox The sign of
the change in free energy @ = -nEF < 0) associated with this process indgadke
reaction will procede spontaneously.

Similar emission titration experiments were perfedn  on
[CIPt(tppz)Ru(tppz)PtCI|Gl with addition of calf thymus or pUC18 DNA at BP:MC
ratios of 5, 10, 20, and 40. After addition of evka lowest amount of DNA, no emission
was detected in either case. The polyanionic pteseof calf thymus or pUC18 DNA
should faciliate the metal complex and DNA assamimateading to enhanced quenching
of the luminescence of [CIPt(tppz)Ru(tppz)PtCICI
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Figure 5.56.Emission titration data for of 1.3x2M [CIPt(tppz)Ru(tppz)PtCI]Glin 10

mM phosphate buffer (pH = 7) upon addition of guane 5'-monophosphoric acid
disodium salt (NgGMP) with the 5, 10, 20 and 40 M&aMP:MC ratios. The solution was
deoxygenated by bubbling with Ar for 15 minutes dvef conducting the emission

measurements.

5.2.2 Photoreactivity of [CIPt(tppz)Ru(tppz)PtCI]Cl; with DNA

The compleX CIPt(tppz)Ru(tppz)PtCl]Glwas dissolved in 10 mM phosphate buffer
(pH = 7) and combined mixed with pUC18 DNA in a RBP:MC ratio. The effect of
irradiation at 455 nm using a 5 W LED light soumsere then examined using a gel
electrophoresis assay. Interestingly, a reddishipitate was observed after irradiation of
the trimetallic complex/pUC18 (BP:MC = 20) sampte 6bne hour. The morphology of
the condensate of DNA with the trimetallic complex illustrated inFigure 5.57. This

structure is characteristic of condensed DNA molgin DNA condensation behaviors

130



has been observed for ruthenium (ll) polypyridylmgdexes although to date no
demonstration of light activated DNA condensatian reported®® The electronic
absorbance spectr&igure 5.58 of the photolyzed solution before and after physis
indicate that neither the cationic trimetallic cdexpnor the anionic DNA are present in
solution after photolysis. This solution has essdigtno light absorbing species present.
When loaded the supernatant to an agarose gel, M& Was observed for the gel
electrophoresis assay of pUC18 after photolyBigure 5.59 In this figure, Lane
represents Lambda DNA Hindlll digest molecular virtignarker, Lane C represents
pUC18 DNA without the metal complex, which showattthe pUC18 DNA exists

Figure 5.57. The morphology of the condensed pUC18 DNA with thenetallic
complex at a 20:1 BP:MC ratio irradiated at 455 fan1 hr using a 5 W LED light

source.

primarily in the supercoiled form. Lane 1 represetiie supercoiled pUC18 DNA with
the trimetallic complex added (BP:MC = 20) withopihotolysis, which shows the
trimetallic complex binds to DNA providing a slightowing of migration of the pUC18
DNA through the gel. Lane 2 represents the samipbégbyzed with 455 nm LED for one
hour, which contains no dectable DNA, suggestirag tto DNA is left in the solution. It
is well known that cationic metals with high chadgnsity such as Mg can condense
DNA,?** providing a compact less soluble form. The obs#mhotochemistry of the
trimetallic complex with DNA is consistent with hg activated DNA condensation. This

is not typically seen for RuPt' polyazine complexes. To the best of our knowledqjs,
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observation is the first case of light activatedMdd&bndensation by a metal complex. The
nature of the trimetallic complex provides the ity for multiple binding modes with
DNA as we indicated ifsection 5.1 In the presence of light, the excited metal campl
may lose chloride to give rise to enhanced DNA gioking. This light induced binding
to DNA by two sites on one molecule can lead tasslioking and compaction of DNA.
Such DNA condensation provides possible areasHhibiinDNA unwinding and double
strand separation needed for cell replication. ®Exsiting new method to use visible
light to efficiently condense DNA should provide amygen independent means to
prohibit DNA replication in cancerous cells, mayeofa new approach into development
of light activated cancer treatment. The applicatod these systems in photodynamic
therapy is underway. Further study is requireeltecidate the detail of the DNA-MC

interaction mechanism. This unusual result is th®ext of ongoing investigation.
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Figure 5.58.Electronic absorption spectra of [CIPt(tppz)Ru(fpiZI]Cl, in the absence
(—) and presence of pUC18—) and following photolysis+{) in 10 mM phosphate
buffer (pH = 7). Sample was photolyzed with 455 Ight from a 5W LED for one hour.
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Figure 5.59. Agarose gel electrophoresis studies on the MC-DOhtaractions of the
complex [CIPt(tppz)Ru(tppz)PtCll¢iwith BP:MC = 20. Lane is the Lambda DNA
hindlll digest molecular weight marker with bands28.1, 9.4, 6.6, 4.4, 2.3 and 2.0 k
base pairs, Lane C is pUC18 DNA control without edidnetal complex, Lane 1 is the
metal complex with pUC18 DNA at a 20:1 BP:MC ratighout photolysis, and Lane 2
is the metal complex with pUC18 DNA at a 20:1 BP:kflo after 1 hr photolysis at 455
nm using a 5 W LED light source. SC = supercoiletCA8 DNA, OC = open circular
pUC18 DNA.
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Chapter 6. Conclusions and Future Work

6.1 Highlights of the Contributions

The design, synthesis, identification, charactéionaand DNA binding properties of
RU", Pt mixed-metal supramolecules, [(tpy)Ru(tppz)PtCIRF  and
[CIPt(tppz)Ru(tppz)PtCI|(P§.4 (tpy = 2,2":6',2"-terpyridine and tppz = 2,3,5¢brakis(2-
pyridyl)pyrazine), were reported in this dissadat focusing on stereochemistry,
electrochemistry, photochemistry and biochemiséryariety of analytical techniques
including mass spectrometry, NMR spectroscopy, ¥X-@ystallography, scanning
electron microscopy, cyclic voltammetry, electromibsorption spectroscopy, emission
spectroscopy, confocal laser induced spectroscapy, DNA gel electrophoresis have
been used for characterization of thes&,Rtl mixed-metal supramolecules. Here are the

main accomplishments in this dissertation:

1. Two mixed-metal tppz bridged complexes have beepared and studied in

detail that couple a Ru light absorber to a readdv metal center.

2. The composition and geometry of mixed-metal comgsex
[(tpy)Ru(tppz)PtCI])(PE)s and [CIPt(tppz)Ru(tppz)PtCI](RJz was confirmed
in solid state by X-ray crystallography and in $@n by NMR techniques.

3. The chirality of these tridentate complexes braldpy tppz in solution was
demonstrated for the first time since the discowdrthe tppz ligand at 1959.
The stereoisomers were characterized by analysetheofsingle crystal

structures and NMR spectroscopy.
4. Electrochemically, a very low first tppz-baseduetibn was observed in each

of the complexes: [(tpy)Ru(tppz)PtCI|(RE and
[CIPt(tppz)Ru(tppz)PtCI|(Pg,, predicting a low-lying®MLCT. This low-
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lying *MLCT is essential to initiate a photochemical reacwith low energy
light.

5. An emissive tridentate complex, [CIPt(tppz) Ru(tBDI](PF)s (I max " = 754
nm and = 80 ns) was reported. In contrast, a barely daide emission was
observed for its analog, [(tpy)Ru(tppz)PtCI]|gRFA design consideration that
should be generally applicable.

6. One of the most interesting discoveries was thétdagtivated DNA
condensation by the trimetallic complex, [CIPt(tppa(tppz)PtCI]|(PE)4. This
new reactivity provides a totally unprecedented enodf action for

photodynamic therapy.

6.2 Conclusions in Detall

This work involved the design and synthesis of théed-metal complexes,
[(tpy)Ru(tppz)PtCI](PE)s and [CIPt(tppz)Ru(tppz)PtCl](Rfa, that couple the Pt reactive
center to the ruthenium-based chromophore via & tppdging ligand. These
supramolecular assemblies provide a TL-LA-BL-RM (Flterminal ligand, LA = light
absorber, BL = bridging ligand, RM = reactive metahter) architecture in the bimetallic
complex, [(tpy)Ru(tppz)PtCI](Rf3, and RM-BL-LA-BL-RM architecture in the
trimetallic complex, [CIPt(tppz)Ru(tppz)PtCI|(BE. These complexes are of interest in
that they provide LA and RM in a framework that #as rich redox, spectroscopic, and
photophysical properties. Sytems with coupled LAl &M units hold promise for a
variety of applications including solar energy cersion and antitumor agent

development.

The bimetallic and trimetallic complexes, [(tpy)Bygz)PtCl|(Pk); and
[CIPt(tppz)Ru(tppz)PtCI](P§4, were prepared using a building block method. Afie
synthesis of the monometallic precursors, [(tpy}RuZ)](PFK). and [Ru(tppz)(PFs)2,
the next step was to incorporate th&-€t moiety to form the bimetallic and trimetallic

complexes. This was done under careful reactiotrabhy dissolving [(DMSO)PtChL]
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in CH;CN and adding the monometallic precursor dropwidgs stepwise approach
provides the systematic assembly of the supramialeeuchitectures with controllable
properties and high purity. The platinum metal eentas incorporated last as a reactive
metal is substitutionally labile, making typicalsadption chromatography undesirable

following Pt incorporation.

The identity of the title complexes was confirmeg BPAB-MS and ESI-MS. As
expected, similar FAB-MS fragmentation patterns eveobserved for both
[(tpy)Ru(tppz)PtCI|(PE)s and [CIPt(tppz)Ru(tppz)PtCI|(RJa, with experimental
isotopic distribution patterns matching the theicedtvalues. The FAB mass spectral
analysis showed [M-RF peaks at m/z = 1243 for the bimetallic complex and
[M-PFs+H™]" at m/z = 1773 for the trimetallic complex, respealy. The fragmentation
patterns observed were consistent with the compaositf the complexes. Surprisingly,
different ESI-MS patterns were observed for [(tpyiiRpz)PtCI|(PEk)s and
[CIPt(tppz)Ru(tppz)PtCIl|(P&s. ESI-MS confirmed formation of assemblies in solt
showing a dimer, trimer and tetramer of the binlietal complex,
[(tpy)Ru(tppz)PtCI](PE)s with appropriate isotopic patterns. The differestates of
charge (z) were confirmed by the isotopic peak sma with 1, 0.5 and 0.33 m/z units
for z = 1+, 2+ and 3+ charge, respectively. Pedks/a = 2632, 1937 and 1706 were
assigned to the singly charged dimer [2MJPFdoubly charged trimer [3M-2RE" and
triply charged tetramer [4M-3RE" of [(tpy)Ru(tppz)PtCI|(PE)s, respectively. This ESI-
MS data provides evidence of the assembly of thepbtexes, likely through PtPt
interactions in solution. Typically in the literag) Pt Pt interactions were established by
analysis of the structures of the complexes irstiiel state. To the best of our knowledge,
this is the first time that trimers and tetramdr®bcomplexes have been characterized in
solution by mass spectrometry. In contrast, therabty of the trimetallic complex of
[CIPt(tppz)Ru(tppz)PtCI]|(P§s was not detectable by ESI-MS method, which may be
reflective of the large size and charge on thisesys

The characterization of the bimetalic and trimiaal complexes,
[(tpy)Ru(tppz)PtCI|(PE)s and [CIPt(tppz)Ru(tppz)PtCl](RJa, was conducted by a
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combination of NMR techniques. The assignmentshefti-NMR spectra provided for
some unexpected complexity. In view of the manytdiacthat influence the of 'H
resonances for polypyridyl ruthenium supramolegulemnsideration of a number of
factors and careful analysis is required to assigir *H chemical shiftsH chemical
shift is impacted by electron withdrawing effecteri the metal coordination, ring
current effects are particularly impacted for ttfeprbtons which locate over the aromatic
rings. The resonances aB.65 and 8.26 ppm correspond to tHefét the free ligands of
tpy and tppz, respectively. Both upfield and dowtdfishifts were observed in ttel
resonance of the complexes compared to the fraediy Upfield shifts of Hin the tpy
units resulting from the ring current effects webserved in the complexes, [Ru(tgy),
[(tpy)Ru(tppz)f* and [(tpy)Ru(tppz)PtClf, displaying at 7.34, 7.59 and 7.66 ppm,
respectively. By contrast, downfield shifts of thC of tppz units with the similar
chemical environments as tpy units in the above plexes were observed in
[Ru(tppz)]®* and [(tpy)Ru(tppz)], displaying at 8.76 and 8.73 ppm, respectively.
Interestingly, upfield shifts of the % of the tppz unit were observed again in
[(tpy)Ru(tppz)PtCI]|(PE)s and [CIPt(tppz)Ru(tppz)PtCI|(RJz after incorporating the Pt
metals, displaying at 7.48 and 7.85 ppm, respectivéffPt-NMR resonances ap; =
-2579 ppm (vs. pt = 1613 ppm for KPtCl, in D,O) in CDsCN at RT were observed for
the trimetallic complex, [CIPt(tppz)Ru(tppz)PtCIKEs, and p: = -2500 ppm for the
bimetallic complex, [(tpy)Ru(tppz)PtCI](R)s. This downfield shift is consistent with
electron withdrawing effects due to the two Pt &tat deficient Pt centers being bound
in the trimetallic complex vs. only one Pt in thenbtallic complex. A combination of 1D
'H-NMR, Pt-NMR, 2D 'H-'H COSY, NOESY and®Pt'H HMQC provides firm

assignments of this series of complexes.

The ligand tppz, once bound to two metals, presanthiral system. NMR spectra
provide insight into the structures of these comgéein solution. The bimetallic complex
[(tpy)Ru(tppz)PtCI](PE)s has only one chiral p-tppz unit and thus has twanédomers
occuring with equal probability, left handed (M)danght-handed (P). On the other hand,
there are two chiral centers in the trimetallic pbex, [CIPt(tppz)Ru(tppz)PtCl](R=.
Therefore, three stereoisomers, left-handed (M+idht-handed (P-P) and a combination
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of both (M-P) are possible in [CIPt(tppz)Ru(tppORtPFs)s. These stereocisomers can
interconvert at RT as suggested by the fluxionAblv@r seen on the time scale of NMR.
Variable temperature dynamic NMR analysis of [Gistig)Ru(tppz)PtCI](P§)4 supports
this conclusion, a phenomenon yet to be observetppz bridged complexes in solution,
broadening of the resonances af.85 and 7.50 ppm of proton€&and HC at RT in
CH3CN coalescence as expected for two sets of stereeis. As expected, sharp
resonances with the characteristic splitting patfer H'C and HC were observed upon
increasing the temperature to 60°C, reflectiveast Exchanges among the isomers at this
temperature. Two individual resonances f6€Hind HC were observed upon decreasing
the temperature to -20°C with 2:1 peak ratios, shgwhe slow exchange of the three
isomers at -20°C. The nonequivalent integratiorl)(dndicates a difference in the
energies of the the enantiomers (M-M and P-P) &edmesomer (M-P or P-M). The
trimetallic complex represents the first identifietliral molecule of tppz in solution

characterized by NMR since the discovery of the tjigand at 1959.

The pair of enantiomers left-handed (M-M) and rigahded (P-P) were also
confirmed by the X-ray crystallography in solidtstaX-ray crystallographic analysis of
these systems in the solid state represents the diystallographically characterized
mixed-metal complexes bridged by tppz ligand. Tisfthhdentate) structures as well as
the stereoisomers of [(tpy)Ru(tppz)PtCllgRFand [CIPt(tppz)Ru(tppz)PtCl|(RJz are
observed in the solid state by the analysis ofrtleeystal structures. This analysis
revealed that [(tpy)Ru(tppz)PtCI|(BE and [CIPt(tppz)Ru(tppz)PtCI](Ra were
crystallized in the centrosymmetric space group<Cgt and PZ/c, containing equal
amounts of enantiomers in well-defined patternghasracemic compound crystalline. A
strong Pt Pt interaction with a short interatomic distanc@@218(5) A was observed in
[(tpy)Ru(tppz)PtCI](PE)s, with stabilization by C-HCI hydrogen bonds. Analysis of the
crystal packing of [CIPt(tppz)Ru(tppz)PtCI|(§)F reveals that the molecules are
arranged without this close PPt intermolecular interaction. The cooperative @ffef
multiple C-H CI hydrogen bonding from both sides of the trimetalomplex stabilizes
the network aggregates in the crystal. The shoH Gzl hydrogen bond directs self-

assembly along a continuous one-dimensional cleminanced by  interactions from
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the peripheral pyridyl rings. The average interplaseparation through  interactions

in the plane is 3.2 A, with the PtPt distance at 4.699 A. The chloro group provides
electrostatic stabilization because Pt-Cl groupmtpm -electron rich aromatic rings.
The presence of C-HCI hydrogen bondings, C-H interactions, interactions, and
Pt Pt interactions play an important role in the adslgnof such Rt,Pt' tridentate

systems.

SEM was conducted to show the hierarchical assemblgpen-ended trimetallic
molecules into long range 3D flower-like materialEhe exquisite and uniform
arrangements of the molecules can be manipulated slow solvent evaporation process.
With progressively increasing the concentration, ridhowire and macroscopic bundles
were produced at the very beginning of evaporatidrese open nanowires were then
further assembled into 2D lamellar structures. IRinghe layers were extended to three
dimensions to form the 3D flowerlike networks, witie Pt sites decorating the surface

of these materials.

A comparative study of the electrochemical propsrtof the title complexes and
related tridentate systems was performed. The axep| [(tpy)Ru(tppz)PtCl](R§z and
[CIPt(tppz)Ru(tppz)PtCI](P., display RU" oxidation at 1.63 and 1.83 V vs. Ag/AgCl,
respectively. These complexes display very low midétppZ” at -0.16 vs. Ag/AgCl for
[(tpy)Ru(tppz)PtCI](PE)s3, at -0.03 vs. Ag/AgCI for [CIPt(tppz)Ru(tppz)Pt@Fs)a,
relative to their monometallic synthons, [(tpy)Runz)](PF)2 (-0.95 and -1.39 V vs.
Ag/AgCl) and [Ru(tppz)(PFs). (-0.85 and -1.06 V vs. Ag/AgCI). This is coneist
with the bridging coordination of the tppz ligang imcorporating Pt metals. The first
ligand-based reduction in the tridentate "Rd' mixed-metal complexes,
[(tpy)Ru(tppz)PtCI|(PE)s (-0.17 V vs. Ag/AgCIl) and [CIPt(tppz)Ru(tppz)Pts)4
(-0.03 V vs. Ag/AgCl), occurred at a more positpetential compared to those in the
bidentate RUPt' mixed-metallic complexes, [(bpRu(dpp)PtCl(PFs), (-0.49 V vs.
Ag/AgCl) and [(bpy)Ru(dpq)PtCi](PFs). (-0.28 V vs. Ag/AgCI), implying that the
tppz( *) LUMO in the tridentate systems are lower eneftggn in the bidentate systems.
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The lower lying LUMO of the tridentate complexesegicts a lower lyingMLCT
excited state.

The photophysical properties of the bimetallic atmginetallic complexes were
investigated in solution and the solid state. Theearmetal complexes display very low
energy tppzg§*) acceptor orbitals, reflective of the first ligamased reduction potential.
The complexes are efficient light absorbers witterise transitions throughout the UV
and visible regions with the lowest transition lgeMLCT in nature to the tppz acceptor
orbital. The mixed-metal RyPt' complexes exhibited intense MLCT at lower energy
[(toY)RU(tppZ)PtCII(PB)3, | max> = 530 nm, . = 28 x 10 M'em?;
[CIPt(tppz)Ru(tppz)PtCI(P&s, | mad™>= 538 nm, = 3.0 x 10" M*cm™® compared to the
monometallic precursors: [(tpy)RU(tppz)]@5 | mad>s= 472 nm, = 1.6 x 10" Mtem™;
[Ru(tppzy](PFe)s, | mad™® = 478 nm,. = 2.3 x 10" M ecm™. In marked contrast to most
bis-tridentate  RY complexes such as [Ru(tpl), the tppz bridged complex
[CIPt(tppz)Ru(tppz)PtCI)(P44, displays an intense visible emission atc™ = 754 nm
with quantum yield of ®™ = 5.4 x 10" and lifetime oft = 80 ns at RT in CECN from
the R®m-tppz *MLCT  emissive  state. The  trimetallic  complex,
[CIPt(tppz)Ru(tppz)PtCI](P§4, maintains the strong emission property in thédsstiate
with | max™ = 764 nm, visualized by the confocal laser induesdission scanning
microscopy. The closely related complex [(tpy)Rp&pPtCl](PF)s, displays only an
extremely weak emission in dilute @EN solution and no detectable emission in the
solid state. This is likely a characteristic of fRd',Pt' bimetallic in which even dimer
formation through Pt Pt interaction can simultaneously quench’SILCT excited states.
The presence of the two Ru-tppz-Pt sites in eaclecute in the trimetallic complex
prohibits the Pt Pt interaction from simultaneously quenching botb®Rppz CT

excited states, a design consideration that sHmeilgenerally applicable.

Interactions of the title complexes with DNA werwestigated. Both title complexes
were shown to covalently bind to DNA via thé' 1 site. The effect of incubating these
metal complexes with DNA on the subsequent mignatibDNA through an agarose gel

was found to be more dramatic than that observedht® well known anticancer drug,
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cis-[Pt(NH3).Cly] (cisplatin). This effect was enhanced with in@@é incubation
temperature. Unwinding of supercoiled plasmid DNodm binding of the metal complex
was found to be more pronounced for the trimetallicomplex,
[CIPt(tppz)Ru(tppz) PtCI] (P&, than for the bimetallic complex,
[(tpy)Ru(tppz)PtCI](PE)s, consistent with reactivity of both Pt bioactivees.

One of the most exciting observations was that thenetallic complex
[CIPt(tppz)Ru(tppz)PtCl]Glcan induce the condensation of DNA in presenceisible
light. The photolysis of solution of 20:1 base pametal complex with visible light =
455 nm provides for rapid condensation of the DMAving the solution free of metal
complex and DNA. SEM imaging shows the DNA formegé&g ca. 80 um condensed
particles. The bimetallic does not display thisrmesting photoreactivity, indicating the
two Pt'-Cl sites are important for DNA photocondensatiGondensed DNA is not able
to be replicated. Given these remarkable prelinyimasults of the light-activated DNA
condensation, this exciting method holds the prerimghe applicaiton of this material in
photodynamic therapy. Condensed DNA is not ableeteeplicated.

The work highlighted in this dissertation providednsiderable insight into the
properties of light absorber-reactive metal ass@sbDetailed analysis of the bimetallic
vs. trimetallic systems uncovered many similartiésd striking differences. The
trimetallic system shows dynamiti-NMR, displays a long-lived emissivMLCT
excited state and photocondense DNA in marked asnto the bimetallic system. This
study indicates careful analysis of closely reladgdgtems, is important to fully explore

the properties of multicomponent polyazine bridggstems.
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6.3 Future Work

This project discovered many interesting properaesl reactivity patterns, which
open up this new structural motif for future explbon. Future work can be governed by
the results of the studies in this dissertation:

The remote chloride ligands on the Pt site giventiteed-metal complexes an easily
substituted site on this reactive metal. Of paléicinterest would be a molecular design
to eliminate Pt Pt interactions by the substitution of Cl with dlyugroup L (L = PBN
or PhP). Modification on the tpy ligand with;RR, and R (R, R and R = 4,4,4 -tri-
tert-butyl) in the bimetallic complex, [(tpy)Ru(tpjPtCl](PF)s could also prevent Pt---Pt
assembly, allowing a means to test the hypothaaissuich assembly is important in our
current bimetallic complex. Related systems shob&l explored to improve the

luminescent properties and to derive structureséigtielationshipsFigure 6.6Q

\ﬂ /\

Ru—N —Pt—L

Rz\/ /\

=N,

/

Figure 6.60. Proposed modifications on the bimetallic complex of
[(tpy)Ru(tppz)PtCI|(PE)s, where R, R; and R = 4,4,4 -tri-tert-butyl and L = P§N or
PhP

Replacing the Ru with other metal centers has ttential to change the redox and

spectroscopic properties of these complexes. $heotiOs, Rh, Ir and even the first row
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transition metals in place of the Ru center wouhdnge the energy of the HOMO,
leading to perturbation of the electrochemical, tppbysical, photochemical and
magnetic properties. For example, the use of ORtometal conter might lead to intense
3MLCT absorption in a therapeutic window as a resfithe higher energy dorbitals on
Os.

The supramolecular assemblies, [(tpy)Ru(tppz) PEEH: and
[CIPt(tppz)Ru(tppz)PtCl](Pg, would be extended by incorporating more (tppZ)Ru
units to form longer one-dimensional molecular wjféigure 6.61 Attachment of one
more RUY through the BL tppz to the system would providiigher stabilizeMLCT
state with additional metal-metal communication.abidition, a charge separated state
could be experimentally characterized for a systensuch as
[(tpy)Ru(tppz)Rutppz)PtCIP®*, where HOMOs locate on Ruand LUMOs locate on

tppz. Electronic coupling could be simulated modelectbmputational study.

—Pt—Cl
n
—Pt—Cl
— Jn

M =Ru, Os, Ir

Figure 6.61.Proposed molecular wires
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Although gel electrophoresis studies have contethigignificantly to understanding
the DNA binding properties of bimetallic and triraltit complexes, it cannot provide
insight into binding specificity or information dahe kinetics of binding. The chemical
shift of %Pt is sensitive to the environment and has a witemical shift window
(10000 ppm).***Pt-NMR spectroscopy has long been used to studyinthévo DNA
binding activity of antitumor agents such as cigpland carboplatin. Further research on

the 't resonance should be conducted to study theidsneftthe DNA-binding process.

Additional studies should be performed to exploé possible applications of the title
complexes in photodynamic therapy. Due to thegnse absorption in the visible region,
the title complexes should be further investigaaedh candidate for DNA photocleavage
or photobinding. Other factors such as photolysie tand Q dependence should also be
investigated. The chirality of these systems mayiple stereospecific interactions with

chiral biomolecules such as DNA.

The current study on [CIPt(tppz)Ru(tppz)PtCIl§{Rkas provided a solid platform to
further investigate its photocatalytic propertyth&lugh tridentate complexes of 'Rand
Pt' have been explored for water splitting, the meidmarbehind H-evolving or Q-
evolving activities is still a matter of debate?*>?*’ The simple NMR profile of the
trimetallic complex as well as its analogs provadeeans for monitoring the functions of
the metal complex in a photocatalytic process. dditeoon, ***Pt-NMR can be used to

monitor the reaction pathway and the reaction mashaover time.

Putting things in prespective, it is always chalieg for chemists to develop
multifunctional systems via self-assembling (minmckthe natural process) with a well-
defined structure and a specific reactivity or baia. The identification and
confirmation of the  structure and properties of theassemblies
[CIPt(tppz)Ru(tppz)PtCI|(Pgs and [(tpy)Ru(tppz)PtCI|(PFs in this dissertation
provided considerable insight into the study ofriindtifunctional metallosupramolecules.
Careful analyses of complexes of this type are eegew fully understand structure

function relationships. This is highlighted by tremarkable structure similiartiy of the
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bimetallic and trimetallic complexes reported heras well as their striking contrast
properties which may not have been undercoveredowitthe herein reported careful

comparative study.
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Figure A.12. Cyclic voltammetry of the monometallic complexeRu(tpy}](PFs)2 (1),
[(tpy)Ru(tppz)](Pk)2 (11), [Ru(tppz)](PFs)2 (111) , and the bimetallic complex

[(tpy)Ru(tppz)PtCI]|(PE)s (IV) in CH3CN with a scan rate of 100 mV/s .............. 172
Figure A.13. Cyclic voltammetry of the monometallic complexgfy)PtCI](PK)in 0.1
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Figure A.14. Cyclic voltammetry of the monometallic complexes,
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Figure A.l1. (I) FAB mass spectrum of [(tpy)Ru(tppz)PtCI]@4 (II) Isotopic
distribution of [(tpy)Ru(tppz)PtCI](P#s: obtained when one EF is lost (Formula:
[CagH27CINgPtRURF]) as acquired by M-Scan, Inc. (lll) Calculated gt
distribution of [(tpy)Ru(tppz)PtCI](Pd}; from ChemBio Draw Ultra 11.0
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Figure A.2. (I) FAB mass spectrum of [CIPt(tppz)Ru(tppz)PtCHER, (II) Isotopic
distribution of [CIPt(tppz)Ru(tppz)PtCl](Rf obtained when one EFis lost ([M-PF]",
Formula: [GgH3.CLN,PLRUPF1g]") as acquired by M-Scan, Inc. (Ill) Calculated
isotopic distribution of [CIPt(tppz)Ru(tppz)PtCIKE)4 from ChemBio Draw Ultra 11.0
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Figure A.3. (I) ESI mass spectrum of [(tpy)Ru(tppz)PtCll¢gFshowing the isotopic
distribution pattern of the dimer [2M-BJF, [C7gH54CloN1gPbRWPsF3q] ™, (11)
Calculated isotopic distribution of the dimer fré&dhemBio Draw Ultra 11.0
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Figure A.4. (I) ESI mass spectrum of [(tpy)Ru(tppz)PtCllgRFshowing the isotopic
distribution pattern of the trimer, [3M-28F, [C11Hg:1ClsNoPERWP/F42] >,
(1) Calculated isotopic distribution of the dimeom ChemBio Draw Ultra
11.0
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Figure A.5. (I) ESI mass spectrum of [(tpy)Ru(tppz)PtCl]gRFshowing isotopic
distribution pattern of the tetramer, [4M-3PF, [C1s6H10sClaN3ePtRWPsFs4) ", (I1)
Calculated isotopic distribution of the dimer bye@iBio Draw Ultra 11.0
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Figure A.6. Comparison of the ESI mass spectra of [(tpy)RuBCI](PF)s in different

solvents
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Figure A.7. Concentration dependent intensity of the monomer fimgmentation
[M-PFg]” (peak at 1243) for [(tpy)Ru(tppz)PtCI](PF at different concentrations in
CHsCN.
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Figure A.8. 400 MHz'H-'H COSY of [Ru(tppz)](PFs)s in CD:CN at 298 K
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Figure A.9.400 MHz'H-'H COSY of [(tpy)Ru(tppz)](P§. in CDsCN at 298 K
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Figure A.10.400 MHz'H-'H COSY of [(tpy)Ru(tppz)PtCI](P4 in CD:CN at 298 K
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Figure A.11. 400 MHz'H-'H COSY of [CIPt(tppz)Ru(tppz)PtCI](Rfin CDsCN at
298 K
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Figure A.12.Cyclic voltammetry of the monometallic complexd2u{tpy)](PFe)2 (1),
[(tpy)Ru(tppz)](Pk)2 (11), [Ru(tppz)](PFs)2 (111) , and the bimetallic complex
[(tpy)Ru(tppz)PtCI](PE)s (IV) in CH3CN with a scan rate of 100 mV/s
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Figure A.13. Cyclic voltammetry of the monometallic complexgspy)PtCl](PF)in 0.1
M BusNPF; in DMF with a scan rate of 100 mV/s.
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Figure  A.14. Cyclic voltammetry of the monometallic complexes,
[(tpy)Ru(tppz)Ru(tpy)](PE)4in 0.1 M BuNPFs in CH;CN with a scan rate of 100 mV/s.
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